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ABSTRACT 


The energy coupling system (ATPase - ATP synthetase) of pea cotyledon 
mitochondria has been studied in both soluble and membrane-bound forms. 

With a partially purified soluble ATPase, I was able to show many 
similarities to the Fj-ATPase of mammalian mitochondria. The enzyme was 
found to be extremely cold labile. Inhibition patterns with NaF and NaN; 
and stimulation by 2,4-dinitrophenol were also typical of F,-ATPases from 
mammalian sources. The enzyme hydrolysed GIP, ITP, and ATP, but not CTP, 
UTP, ADP, or IDP. ATPase and ITPase activities were strongly inhibited by 
ADP, and to a lesser extent by IDP. Distinctive properties of the pea 
mitochondrial ATPase were its high rate of Ca-ATPase, and the stimulation 
of ATPase activity caused by NaCl. 

The stimulation by NaCl was investigated further. The effect of 
chloride salts was independent of the type of cation in the salt. With 
sodium salts I found that the degree of stimulation depended on the nature 
of the anion present. Stimulatory anions included oxyanions such as bi- 
carbonate, but anions such as chloride and bromide were also effective, as 
were anions of organic acids. My experiments clearly demonstrated that 
salt stimulations were caused or regulated by anions. The enzyme was not 
stimulated by trypsin treatments, which are known to destroy the specific 
polypeptide inhibitor of ATPase in submitochondrial particles. These res- 
ults showed that the inhibitor was not present in the preparation and there- 
fore the stimulations of the enzyme by the anions were not caused by diss- 
ociation or destruction of the inhibitor. I found that the anion-stimulated 
activity was ATP-specific. It was less sensitive to inhibition by azide 


than was activity without added anions. The relatively high GIPase acti- 
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vity of the enzyme was not anion-stimulated and was relatively insensi- 
tive to azide. The anion stimulations were very similar to those reported 
with other F)-ATPases from yeast and mammalian tissues, except that oxy- 
anion specificity was not observed with the pea enzyme. 

Submitochondrial particles freshly prepared by sonication from pea 
cotyledon mitochondria showed low oligomycin-sensitive ATPase activity 
which increased 10-fold on exposure to trypsin, a treatment known to 
destroy the specific ATPase inhibitor polypeptide. Pea submitochondrial 
particle ATPase was activated to a similar extent by "aging" in vitro. 

At pH 7.0 1 mM ATP prevented the "aging" process. Freshly prepared 
submitochondrial particles showed a substrate specificity similar to that 
of the soluble pea mitochondrial ATPase, with GIPase>ATPase. "Aged" or 
ey ERP submitochondrial particles showed equal activity with the 
two substrates. NaCl and NaHCO3, which stimulated the ATPase activity 

of the soluble pea enzyme, were also stimulatory to the GTPase and ATPase 
activity of freshly prepared submitochondrial particles, and only to the 
ATPase activity of trypsin-treated or "aged" submitochondrial particles. 
The ATPase activity of rat liver submitochondrial particles was stimula- 
ted by HCO., but inhibited by Cl . I conclude that Cl stimulation is an 
intrinsic sodas of the pea mitochondrial ATPase. 

Submitochondrial particles were also shown to catalyse ATP synthesis 
coupled to substrate oxidation. ATP synthesis was sensitive to the elect- 
ron transport inhibitor KCN, the uncoupler CCCP , and the coupling factor 
inhibitor oligomycin. The kinetics of ATP synthesis indicated a high 
affinity for phosphate (Km = 0.18 mM). ADP kinetics showed negative 
cooperativity, with Km values of 0.01 and 0.1 mM. A curve of pH effects 


on oxygen uptake, ATP synthesis and ATPase did not indicate a clear 
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relationship between ATPase and ATP synthesis. The effects of chloride 
and bicarbonate anions on the three activities also failed to indicate 

any clear relationship. The submitochondrial particles also catalysed 

an ATP-Pi exchange reaction. 

A more highly purified preparation of the soluble ATPase was obtained 
from submitochondrial particles. The purification method, employing DEAE 
cellulose chromatography, is described. The enzyme obtained was over 90% 
pure on gel electrophoresis. On SDS gels the enzyme showed subunit 
composition typical of F,-ATPases except that a and 8 subunits were not 
resolved. Electrophoresis in 8 M urea resolved the two major subunits, 
however. Kinetic analyses indicated Vmax for the ATPase reaction was 
about 18 units/mg protein, with a Km of 0.29 mM. Negative cooperativity 
was observed in a RE plots. Kinetic parameters are also 
given for the high rates of GTPase and anion-stimulated ATPase activity. 
Submitochondrial particles also showed negative cooperativity in Lineweav- 
er-Burke plots. The aging-activation of submitochondrial particle ATPase 
was shown to be similar kinetically to removal of a noncompetitive inhibi- 
tion, such as that caused by the ATPase inhibitor. 

I was also able to show, in a brief Appendix, that corn submitochon- 
drial particles also possess an ATPase activity that is sensitive to 
oligomycin. This result contradicts recent reports that monocotyledonous 


plants possess an unique oligomycin-insensitive energy-coupling ATPase. 
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INTRODUCTION 


The mitochondrial synthesis of ATP by phosphorylation of ADP has 
been the subject of intense study for the last twenty to thirty years. 
Many advances have been made in this field, including the crucial dis- 
covery by Mitchell ( Boyer et al.,1977) that the ATP synthesis reaction 
is linked to substrate oxidation by way of energy-rich proton gradients. 
The actual mechanism by which this energy is used to phosphorylate ADP 
remains largely unknown, however. 

A step in the elucidation of this mechanism was made in 1960 when 
the group of Racker was able to solubilize and purify a protein factor 
(F,) from beef heart mitochondria which, when added to F,-depleted sub- 
mitochondrial particles,was able to restore their ability to phosphory- 
late ADP (Pullman et al., 1960, Penefsky et al., 1960). In its soluble 
form F; was also found to be a highly active ATPase, although it could 
not catalyse any other partial reactions of oxidative phosphorylation 
unless bound to its native site on the inner mitochondrial membrane. 
Since this time many researchers have followed the assumption that 
studying the ATPase reaction catalysed by Fj provides a valid approach 
toward understanding the mechanism of ATP synthesis. Intensive research 
has thus gone into discovering the catalytic, ligand-binding, and physical 
properties of F),-ATPase, all of which appear to indicate that the Fj- 
ATPase is a very complex enzyme; perhaps, in its membrane forn, "the 
most complex enzyme system known to man" (Pedersen, 1975). 

iMoltowins the lead of Racker and his co-workers, other groups 
have isolated F}-type ATPases from membranes of bacteria, yeast mito- 


chondria, and higher plant chloroplasts (see Nelson, 1976; Pedersen, 
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1975; Penefsky, 1974), indicating that the enzyme is basic to the energy 
metabolism of most organisms. Very little research has been done on 
the ATPase of plant mitochondria, however, and aside from a few brief 
reports (Malhotra and Spencer, 1974a, b; Nagaraja and Patwardhan, 1974; 
Peterson and Heisler, 1963; Yoshida and Takeuchi, 1970) no one has 
attempted to solubilize, purify and characterize the F,—-ATPase of eres 
chondria from a higher plant. Not only would such a study be useful 
for understanding the bioenergetics of plant mitochondria, but it might 
also advance our understanding of the basic mechanism of F,-type 


ATPases. 
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CHAPTER I 
LITERATURE REVIEW 


The energy-coupling ATPase systems of mitochondria, chloroplasts, 
and bacteria have been the subject of an immense literature in recent 
years. Fortunately, many excellent reviews exist that form a coherent 
picture from the variety of results in the literature. For F,—-ATPases 
from mitochondria, the reader is referred to the reviews by Pedersen 
(1975) and Penefsky (1974). The review by Senior (1973) is also of 
value. Chloroplast ATPase is well-discussed by Nelson (1976); a less 
current review on bacterial F,-ATPase is that of Abrams and Smith (1974). 
Reviews on energy-coupling are also available; of particular interest is 
a recent multi-section review by leaders in the field of oxidative 
phosphorylation (Boyer et al., 1977). A review on photophosphorylation 
appeared recently (Jagendorf, 1977). Also of interest is a review by 
Kozlov and Schulachey (1977) that attempts to devise a mechanism for 
F,-ATPases, and one by Harris (1978) that attempts to resolve the res- 
earch on roles for nucleotides bound to coupling factors. 

With this complete review literature readily available there appears 
to be little purpose in attempting a broad review of the field here. I 
have, rather, attempted in the discussion section of each chapter to 
compare my results with those in the literature, and to draw these compari- 
sons together in a final discussion chapter. There are, however, two 
areas which seem worthy of discussion here because they are not well- 
reviewed, and are only touched on during my discussion sections. These 


topics are the control of F,—ATPase activity, and the current state of 


plant mitochondrial ATPase research. 
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A. Control of F1i-ATPase Activity 


A major function of the mitochondrion, and a central focus of the 
cell's bioenergetics network, is the synthesis of ATP by phosphorylation 
of ADP, using the energy of substrate oxidation. Thus the ability of 
the coupling factor F, to hydrolyse ATP at a very high rate comes as a 
shock. As discussed by Racker (1976), however, most workers resolve this 
conflict by considering the ATPase activity as an aberration (as opposed 
to a simple reversal) of a normal ATP synthesizing system. Commonly held 
theories, for example that ATPase involves a separate catalytic site from 
ATP synthesis (Pedersen, 1975, 1976; Penefsky, 1974b) or that ATPase is 
expressed only after a damaging conformational change has occurred 
(Warshaw et al., 1967), express a general feeling that ATPase activity is 
more an artifact of isolation than a natural activity. A more interesting 
approach, which appears to lead to further experimentation, is that F,- 
ATPase is simply a well-controlled enzyme in vivo, that it is quite 
capable of hydrolysing ATP in its native state, but is kept from doing so 
at high rates by a battery of control systems. This seems a worthwhile 
hypothesis because it leads to predictions that can be tested, and may 
help to close the conceptual gap between a large body of work on ATPase, 
and an even larger body of work on oxidative phOB nha lac tort 

What are the possible mechanisms for control? It seems possible to 
identify at least four: control by product inhibition, control by ATP 


export, control by the inhibitor polypeptide, and control through the 


kinetic properties of the enzyme. 
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If one accepts the hypothesis of Mitchell that ATP synthesis and 
electron transport are linked by an energy-rich proton gradient the 
.Yeaction of ATP hydrolysis catalysed by intact mitochondria or submito- 


chondrial particles is: 


ATP ADP + Pt + HY gradient 


ADP has been found to be a relatively effective inhibitor of membrane- 
bound F,-ATPase with a Ki of 80 uM in beef heart submitochondrial part- 
icles (Hammes and Hilborn, 1971), although very wide discrepancies in 
Ki values do exist in the literature (Pedersen, 1975). Internal ADP 
levels in intact mitochondria would normally be under control of the 
adenine nucleotide transporter, which under conditions of membrane energ- 
ization would increase the internal ADP/ATP ratio, intensifying the inhi- 
bition by added ADP. 

Free Pt is apparently a rather weak inhibitor of the ATPase reaction. 
For example Pullman et al. (1960) reported that 40 mM Pt was without 
effect on ATPase activity of beef heart F,-ATPase in the presence of 
6 mM ATP. 

The most interesting of the three possible product inhibitors is 
the proton gradient shown to be produced by the reaction (Moyle and 
Mitchell, 1973). The potency of this inhibition has not been directly 
measured, and it is not clear what the critical experiment would be. In 
the presence of an ATP-regenerating system (Pullman et’ al',)1960)) to 
remove ADP, and using the Hu’ release assay (see Van de Stadt, 1973) or 
the NADH-linked assay of Pullman et al. (1960), the rate of ATPase activi- 
ty should slow as an ah gradient is built up. This should hold true when 
well-coupled submitochondrial particles are used; uncoupler should 


release this inhibition. This experiment has been done by Van de Stadt 
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et al. (1973, Fig. 4) who found that particles with Gr actithout uncoupler 
showed a similar slow rate of the ATPase reaction. The authors interpreted 
this to indicate that the ATPase was not active enough to develop a proton 
gradient sufficient to inhibit the reaction. The ATPase of those particles, 
however, was shown to be under control of the inhibitor polypeptide (dis- 
cussed below). During ATP hydrolysis, as the inhibitor dissociated from 
the ATPase because of the increasing proton gradient, uncoupler became 
effective in producing an enormous activation of ATPase activity. The 
authors concluded that ATPase activity could be directly regulated by 
the rate of dissipation of a high energy state (at gradient) but that 
this regulatory mechanism would be important only when the ATPase was not 
being controlled by the inhibitor polypeptide. These experiments could 
be extended, but this would require a system in which inhibitor-free 
ATPase was used, and i gradients could be directly measured or known. 

It should be pointed out that the potency of product inhibition 
(Ki values) is not related to the position of the final equilibrium of 
the reaction. The position of this equilibrium is, of course, also of 
interest, since products of the ATPase reaction are also the substrates 
of the ATP synthesis reaction. Considering only ADP and Pi as products 
(as they are in a well-buffered assay using F,-ATPase or a membrane-bound 
system with uncoupler) the equilibrium constant for ATP hydrolysis is 
about 2 x 10° M (assuming a standard free energy of ATP hydrolysis of 
-7.3 kcal (Lehninger, 1970)). In other words, ATP is not expected to be 
measurable at equilibrium. When the HY gradient is present however, this 
equilibrium can be shifted completely toward ATP synthesis, so that no 
net ATPase reaction is observed when ATP is added to respiring mitochon- 


dria (e.g. Takeuchi, 1975) and isolated respiring mitochondria can 


a ae As 
sy : ee i a ave et 
Aehapooves Sueadttiw x tlw. et ce iat oes ee baby ck weet vane 
| ; Ne - 
F ; 4 ’,, 
Ritatorteiai eaexutzusa siT ai rk ody Eo ‘Siee woke Bite, #: = 
: a << i rr 


eO1007 & Golsvss oF Mantnw awe nis dont oom ex TA. ait eld ajo oe 


Fare pb ‘ = = 
= : sae in 
asia tiimeg aeorls bo een STA ai&P- OLS aba ane ‘atthe og eer en DiS} 
. . ; ry : ; - ‘< ey ct A 7 
“afi ahidvdqegvied sogtAldut eft ido rai aU sahou $¢ 49 avoid Bw .tavss 
a and hy . é 
i . 4 rey , ; P i 7 M : 
mor? begeisoesih + aah t wht as eter levied rth cepa .feoled 
$ - ’ & > bs aa 
‘| 
* 4 t a ee OF 
mBYSt. 22 2 hory gal eis to eegnced aati 
st ‘ Li >Re os Mowe Ch Aeiarhow At ev 
- t 
5 + Lali [3 - yy Ps ) pi Mae jaunt ip erg oe | ify j 
oii _ , as. 
lait jue \ 74 +h a 7 > a race ss fhe hg Fe 3 TS rear Jeph Bib t i 
i P ae , 
"ai t 


408 Baw Seat) 3if? noite hee Je sordeh) a4 hanes yaad =e eros alee 
is ; ; : 3 . fas ve 
bid sengeit vite  ahelt . fb kaye tehon poi E i ads wal Sedacoe ontaeg ae 7 


; Zaire 
Setar tesiditd tot of adeyp § Shibpen! Biuow aide spd Sabanne 
7 ' 5 ew 6 a) 


a J : i] . ve ; ; fl fl a 7 = J _ ‘ ae 
. 7 sf a : i, tart we . 25 ot j , iG — a "¥ j _ VR salen 
ME Sth BS Ute Ys Sey av | age: sania ie a — at ie wa ‘at me 
: - ; 


Ay Doe er 

7 poke tail - 350 hex ) Noe sa Set or an bere ay ad monies 
- A 5 

; ( N Pal 


to me fad ge, Tok? sty nia ded ad bots tlex sieht thes 


; : yh : c 
\, So eke (ee nue. te 4h ag slink die obs tong ‘od condita 
F " + a 7 ) pat ‘? a 
anaas tiie od1 vale axe ek Inds pits 


te = V 
dex - ed agate eereni 
vie. sages ahned: ‘ie FA ae a 


2 subosg Be <7 fe _ wisi aah 


fas ve ; 7a 7 ‘ 
oun ny MGs a ial an hoe " 22 TA : sasttod= low Be 7 ie iy roel 
¥ 4 a ; Pas i 7 26 
penne TA wt oon . a Le bed kx. % Upante be i ¥ paAe 
| i Ay : , ale 


r C . } a3 
4 wheter tA to veseng kay? iis tm se opa)k Fog 
‘ : oe y | ave at 


hd signee. eiiheiieial 


$0 ~o2% 


maintain a high ATP level in state IV. This does not mean that respir- 
ing well-coupled mitochondria are not capable of ATPase activity, only 
that the net equilibrium will favor ATP synthesis. The potency of prod- 
uct inhibition will be reflected in how quickly the y-phosphate of ATP 
becomes labelled when unlabelled ATP is added to respiring submitochon- 
drial particles with 32p7. This ATP-Pt exchange (with respiration) 
appears worthy of more investigation for determining the effect of the 
proton gradient on ATPase kinetics, and on Kt? values for product 


inhibition. 
2. Control by ATP. Export 


The inner mitochondrial membrane is not permeable to charged sub- 
stances, and special transporter systems exist for the charged substrates 
of oxidation and phosphorylation to move across the inner membrane (see 
Wiskich, 1977). With ATP, the transport system is of special interest for 
two reasons: it will only exchange internal adenine nucleotides with 
external adenine nucleotides (no net nucleotide transport is catalysed) 
and it is normally electrogenic, importing an ADP?® and exporting an 
ATP”, thus requiring that one a be exported by electron transport or 
ATPase (Vignais, 1976). Thus, mitochondria have a nucleotide pool of 
fairly fixed size whose composition will be determined by the relative 
concentration of the nucleotides present (ADP and ATP), but also by the 
energetic state of the membrane. In other words, in conditions favoring 
net oxidative phosphorylation, ADP will be taken up preferentially over 
ap LADEN. ATP will be preferentially exported. In this way mitochondria 
respiring in a mixture of ADP and ATP without Pt will concentrate ADP 


inside the mitochondria and ATP outside. Similarly, mitochondria 
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hydrolysing ATP in the absence of oxidizable substrate should export 

ATP and concentrate ADP, inhibiting the hydrolysis reaction. The degree 
to which this occurs with whole mitochondria could be determined to 
investigate how effectively the adenine nucleotide translocator does 
inhibit ATPase. Under normal ATPase exper men ebu conditions, where ADP 
is kept very low, the translocator may not be important as a controlling 


influence. 


3. Control by Inhibitor Polypeptide 


Probably the most important mechanism by which the ATPase reaction 
is controlled is by the specific ATPase inhibitor polypeptide, discovered 
in 1963 by Pullman: and Monroy (1963). These workers found that they 
could isolate, from whole mitochondria, a low molecular weight protein 
(mol wt 15,000) which could inhibit the ATPase activity of either Fy 
or submitochondrial particles. The inhibitor conferred cold-stability 
on the F,-ATPase. The inhibitor has since been purified from rat-liver 
(Chan and Barbour, 1976) and also occurs in chloroplast F,-ATPase (see 
Nelson, 1976). Some debate centers on whether the inhibitor is identi- 
cal with subunit e« of the F,-ATPase, or is a sixth subunit (Pedersen, 
1975). The most detailed work, that of Knowles and Penefsky (1972a, b); 
definitely supports the former possibility, since they were able to show 
that subunit e¢ and the Pullman and Monroy inhibitor co-electrophoresed 
on SDS gels. They showed that amounts of subunit € were proportional 
to inhibitor content with their F,-ATPase preparation (which was low in 
inhibitor) and the preparation of Pullman et al. (1960) (which contained 


a large amount of inhibitor). 


In discussing the regulation of ATPase activity, however, the 
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important point is what factors control the interaction between the 
inhibitor and the F,-ATPase. Pullman and Monroy (1963) found that 
high pH (over 7.0) prevented the inhibitor from inhibiting the F)- 
ATPase. Later work (Horstman and Racker, 1970) showed that low levels 
of ATP and Mg2t (20-100 uM) were required for the inhibitor to inhibit 
the ATPase activity of inhibitor-depleted submitochondrial particles. 
ADP could not replace ATP. From these data (Pullman and Monroy, 1963; 
Horstman and Racker, 1970) possible regulatory properties could be 
foreseen: the high internal pH and the low ATP/ADP concentration ratio 
during oxidative phosphorylation by mitochondria would favor non-associa- 
tion of the inhibitor with the ATPase, while the high ATP/ADP ratio of 
state IV would favor association of the inhibitor. 

More ee on the regulatory properties of the inhibitor 
polypeptide were reported by Asami et al. (1971) who found the inhibitor 
was effective against all ATP-driven energy linked reactions of submito- 
chondrial particles, including the NADH-NADP™ transhydrogenase, reverse 
electron transport, and membrane energization by ATP (measured as an 
enhancement of ANS fluorescence). None of these reactions was inhibited 
by the inhibitor when driven by succinate instead of ATP. When the 
inhibitor was present ATP synthesis by the submitochondrial particles 
was stimulated in a manner that mimicked the effect of an ATP trapping 
system. The authors suggested that the inhibitor polypeptide is a 
"directional regulator" of the coupling system. 

Following the lead of Asami et al. (1971), Van de Stadt et al. 
(1973) investigated the regulatory function of the inhibitor in beef 
heart submitochondrial particles. These workers determined that the 


inhibitor was noncompetitive versus ATP in the ATPase assay and did not 
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affect the Kt of ADP. More neatly: they showed that the extent 

of inhibition caused by a set amount of inhibitor was proportional to 

the ATP/ADP ratio in the incubation medium, not merely the concentration 
of ATP. In addition the oxidation of NADH also reduced the extent of the 
inhibition. The presence of phosphate had no effect. When inhibited 
particles were allowed to hydrolyse ATP the rate was low and not stimula- 
ted by the simultaneous addition of an uncoupler. If hydrolysis was 
allowed to proceed several minutes before uncoupler was added, however, 
ATPase was greatly stimulated by the uncoupler. The same uncoupler 
stimulation of ATPase also occurred when particles were allowed to oxid- 
ize NADH for a short period before uncoupler addition. The authors 
concluded that membrane energization by either substrate oxidation or 
ATP hydrolysis weakens the interaction between the inhibitor and the 
ATPase. They hypothesize a regulatory scheme in which the ATPase is 
inhibited by the inhibitor whenever the ATP/ADP ratio increases, or the 
energization of the membrane ceases. This is clearly an ideal situation 


t al. (1973) also proposed 


—e 


for regulating ATPase activity. Van de Stadt 
the existence of a bound, beet y one state for the inhibitor. This 
was based on experiments in which partially inhibited particles were 
incubated with Mg-ATP causing a further inhibition. The physiological 
significance of the bound-noninhibited versus the fully dissociated 
state is not known. 

In a later paper Van de Stadt and Van Dam (1974) showed that inter- 
action between the inhibitor and the ATPase was weakened by high ionic 


strength, causing dissociation of the inhibitor, with some anion specif- 


icity being shown for this effect. They also showed that submitochondrial 


particles low in inhibitor showed little change in the Km for ATP or 
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the Kz for ADP in the ATPase reaction, but when these particles were 
assayed with uncoupler present, the Km ATP dropped from 193 LM ‘to 50 
uM, and the Kz for ADP dropped from 132 uM to 70 uM. Using this data 
and the finding that the presence of inhibitor caused a change in the 
binding and fluorescence properties of the ligand aurovertin (Van de 
Stadt et al., 1974; Van de Stadt and Van Dam, 1974) the authors proposed 
that inhibitor binding causes a conformational change in the membrane- 
bound F,-ATPase. 

A subject of some debate is the role of the inhibitor during the 
forward reaction of ATP synthesis. No effect on ATP synthesis was 
noted in the experiments of Pullman and Monroy (1963) or Asami et al. 
(1971), suggesting that ATPase may occur through a separate, inhibitor- 
regulated site. It is clear from the work of Van de Stadt et al. (1973) 
however, that the conditions of oxidative phosphorylation AAAS 
energization with ADP) are rhode: Ehat cause inhibitor dissociation, 
so that no effect on ATP synthesis should be expected in normal assays. 
A unique approach to this problem has been taken by Harris and Crofts 
(1978) who used millisecond light flashes to activate photophosphoryla- 
tion in chloroplasts. They were able to show that the rate at which ATP 
synthesis ability appeared coincided with the rate at which inhibitor 
was displaced from the F)-complex, as judged by the activation of ATPase. 
Although the chloroplast results may not be directly related to the 
situation in mitochondria, it does appear likely that inhibitor must 


be removed for either ATPase or ATP synthesizing activity. 


4. Kinetic Control of the ATPase 


A final mechanism through which some control over ATPase activity 
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is exerted is by the kinetic properties of the enzyme itself. These 
control properties are more evident with the soluble F)-ATPase than with 
submitochondrial particles, raising some question as to their importance 
in the mitochondrion. 

Early experiments by Lardy's group (Lambeth and Lardy, 1971) showed 
that the rat liver enzyme was stimulated by certain anions (bicarbonate, 
chromate, sulfite and maleate) ae not by others (chloride, sulfate). 
Further work (Ebel and Lardy, 1975) examined the kinetics of the anion 
stimulations. It was found that the soluble rat liver enzyme displayed 
pronounced negative cooperativity when no stimulatory anions were present 
in the assay mixture. Addition of a stimulatory anion could completely 
remove the negative cooperativity and also increase the Vmax of the enzyme. 
These workers measured 'fold-activation" and Ka for a variety of anions 
and found values of 1-9.4 for fold-activation and 0.06-33 mM for Ka 
values. There was no apparent correlation between these two measurements 
when anions were ranked in order of effectiveness. In addition Ebel 
and Lardy showed that azide and thiocyanate anions, which strongly inhibi- 
ted Vmax, caused increased negative cooperativity in Lineweaver-Burke 
plots when ATP was the substrate. Bicarbonate and other stimulatory anions 
competed with inhibitory anions to exert their effects, leading Ebel and 
Lardy (1975) to hypothesize a regulatory anion binding site that could 
bind either stimulatory or inhibitory anions. The ATPase activity of 
-rat liver submitochondrial particles ne cooperativity, although 
much less so than the soluble enzyme, and anions could stimulate ATPase 
activity of this preparation only 2-fold. Interestingly, the very high 
GTPase and ITPase activities of the soluble enzyme showed linear kinetics, 


and anions were without substantial effect. This led Ebel and Lardy 
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(1975) to propose that there eeten either two types of catalytic sites 

or that the enzyme possessed a nucleotide-binding regulatory site; in 
either case the regulation of cooperativity appeared to involve both 
anions and nucleotides. Pedersen (1976), using rat liver submitochon- 
drial particles and F,-ATPase, obtained results similar to those of Ebel 
and Lardy (1975) with respect to effects of anions, nucleotides, and 
membrane binding. He also showed that the ATP-driven transhydrogenase 
reaction and the ATP-P? exchange’ reaction were not at all similar in 
their kinetics, substrate specificity, or anion sensitivity to the ATPase 
reaction. These results on ATP-driven reactions were interpreted to 
indicate multiple catalytic sites on the ATPase, each responsible for 
separate activities. Close examination of the data indicates this inter- 
pretation was not warranted, however. 

Further research by Lardy's group (Schuster et al., 1975; Schuster 
et al., 1976) explored the regulation of ATPase kinetics further, using 
the nonhydrolyzable nucleotide analogs AMP-PNP, GMP-PNP, and IMP-PNP. 

The results far from clearing up the nucleotide specificity and function 
of the various sites, resulted in the rejection of any simple system of 
nucleotide and anion regulation (Schuster et al., 1976). 

The group of Hess, working on soluble yeast F)—-ATPase have also 
explored the effects of anions. They were able to show (Takeshige et al., 
1976) that different anions had clearly different effects on the negative 
cooperativity of the enzyme. In the presence of sulfate, for example, 
the enzyme showed no cooperativity, and a Km ATP (0.2 mM) similar to the 
low affinity site when no anion was present. With sulfite, no coopera- 
tivity was noted and the Km ATP was 0.04 mM, identical to that of the 


high affinity site for ATP when no anion was present. Neither anion had 
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a substantial stimulatory effect on Vmax. Bicarbonate, which did stimulate 
Vmax, had no effect on cooperativity or Km values. From further research 
on the effects of sulfite and sulfate (Recktenwald and Hess, 1977), Hess 
proposed that yeast F,—-ATPase has three be pairs of subunits. Each pair 
possesses a catalytic site which binds MgATP and an allosteric regulatory 
site which binds MgATP or anions. Binding at this site would result in 

an increased:Km (when ATP or sulfate is bound) or no effect on Km (sulfite). 
Sulfite would effectively compete with ATP at the regulatory site so that 
no ATP-induced curvature of kinetic plots would be noted when sulfite was 
present. This model requires no interaction between catalytic sites (no 
true cooperativity) but is perhaps overly convenient in ignoring Vmax 
effects of bicarbonate and azide, and the interesting lack of effects 

of anions on GTPase. 

A recent report (Lopez-Moratalla et al., 1977) that anion effects 
can be completely absent when ATPase is isolated from the liver of 
fasted rats is interesting and may eventually provide a clue as to the 
mechanism and significance of anion effects. This report was on whole 
mitochondrial ATPase, however, so that data may reflect the effects of 
other regulatory systems. 

Another report that has not been adequately followed up is that of 
Moyle and Mitchell (1975) who showed that the ATPase could exist in in- 
active or active states. Magnesium ions were able to induce the inactive 
state in a time-linked manner, while some anions could reverse the Mg?* 
effect, again in a time-linked manner. No kinetic plots were shown, 

‘but the authors felt that the kinetic effects of anions (stimulation of 
the apparent Vmax) were best considered as an increase in the proportion 


of active catalytic sites. The significance of this report remains to be 
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evaluated. 

Finally, one must ask what the physiological significance of the 
anion stimulations and cooperativity is. With anions, bicarbonate is 
the most interesting, since it is a product of the Krebs cycle. It 
could thus serve to activate the ATPase when respiration is active. This 
is of no use at all, of course, unless bicarbonate also stimulates the 
Vmax for oxidative phosphorylation, an effect which ee not been carefully 
searched for in mammalian systems. The physiological significance of 


cooperativity toward ATP remains a mystery. 


B. Plant Mitochondrial ATPase 


1. ATPase in Intact Plant Mitochondria 


In plants, the ATPase activity of intact mitochondria has frequent-— 
ly been studied. Forti (1957). found that pea mitochondria showed an ATPase 
that was stimulated by 2,4-dinitrophenol or aging of the preparation for 
several hours. Forti (1957) accepted the concept of Lardy and Wellman 
(1953) that ATPase activity does not represent a specialized ATP-hydrolysing 
enzyme, but is a reversal of oxidative phosphorylation. Another early 
report on plant mitochondrial ATPase is that of Aloni and Poljakoff- 
Mayber (1962) who studied lettuce mitochondria. On the basis of pH 
profiles these authors hypothesized the existence of 2 or 3 separate 
enzymes hydrolyzing ATP. 

A major source of controversy in much of the more recent research 
on plant mitochondrial ATPase concerns the effect of 2,4-dinitrophenol. 
Following ents early report of Forti (1957) that 2,4-dinitrophenol stimula- 
ted the ATPase activity of pea mitochondra by 1002, work by Reid et al. 


(1964) showed that cauliflower mitochondrial ATPase was not stimulated 
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by 2,4-dinitrophenol. Blackmon and Moreland (1971), working with mung 
bean mitochondria reported results similar to those of Forti (1957). 
Blackmon and Moreland (1971) found that 2,4-dinitrophenol at 0.08 mM was 
sufficient to uncouple mitochondria and to activate ATPase 4-fold. 
Oligomycin inhdbieedveiis stimulation. Interestingly, substrate oxida- 
tion also inhibited the 2,4-dinitrophenol-stimulated ATPase activity 
although the inhibition varied from 36-74%, depending on the respiratory 
substrate. Destruction of mitochondrial structure by sonication activa-~ 
ted the ATPase by about 4-fold, and sonicated mitochondria were not 
stimulated by 2,4-dinitrophenol. Blackmon and Moreland (1971) also 
found that the 2,4-dinitrophenol stimulation of whole mitochondria ATPase 
was eliminated by 0.4 M sucrose, which was routinely present in the 
assays of peta tee el (1964). This was not the cause of the failure of 
2,4-dinitrophenol to stimulate cauliflower mitochondrial ATPase, however, 
as Reid et al. (1964) showed that at lower (0.2 M) sucrose, 2,4-dinitro- 
phenol was actually inhibitory. Passam and Palmer (1973), working with 
Jerusalem artichoke mitochondria, found that ATPase activity in 0.3 M 
sucrose was only stimulated 33% by addition of 2,4-dinitrophenol, CCCP, 
OTPECCP ain Cpncener ations sufficient to uncouple respiration. Changing 
the sucrose concentration had no effect. These authors found, however, 
that succinate oxidation in the presence of CCCP released a high rate of 
ATPase, a finding similar to that of Van de Stadt et al. (1973) with 
beef heart submitochondrial particles. An anomalous finding in the work 
of Passam and Palmer (1973) was that the respiration-released ATPase 
activity was not inhibited by oligomycin. This may be related to the 
author's earlier finding (Passam and Palmer, 1971) that the coupling 


activity of Jerusalem artichoke mitochondria is very easily solubilized 
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in the absence of Mee Other findings on 2,4-dinitrophenol effects 

are that the ATPase activity of mitochondria from potato tubers (Jung 

and Laties, 1976), from bean cotyledons (Olson and Spencer, 1968) and 

from Cicer arietinum seeds (Nagaraja and Patardhan, 1974) is only slightly 
stimulated by 2,4-dinitrophenol, and that the ATPase of mitochondria from 
sweet potato (Carmeli and Biale, 1970) and corn (Bottrill and Hanson, 
1969) is substantially stimulated. 

This problem has been attacked by Jung se Hanson (1973, 1975), who 
showed that a short period of respiration before the addition of 2,4- 
dinitrophenol caused the release of a high rate of ATPase activity in 
either corn mitochondria, which are normally 2,4-dinitrophenol stimulated, 
or cauliflower mitochondria, which are not (Jung and Hanson, 1973). 
Evidence was given that this "respiratory priming" involved the genera- 
tion of a membrane potential, which in turn might have activated the 
ATP transporter to provide substrate for the ATPase reaction. Thus "the 
lack of 2,4-dinitrophenol-stimulated ATPase activity appears to be a 
problem of ATP transport and not a characteristic of the F,-ATPase 
per se" (Jung and Hanson, 1973). A later paper showed that respiratory 
priming or cauliflower mitochondria could be replaced by incubation with 
ATP (Jung and Hanson, 1975). Analysis of Me2* and nucleotide content 
indicated that unprimed corn mitochondria had higher levels of these 
components than did unprimed cauliflower mitochondria. After priming, the 
cauliflower mitochondria had accumulated Me?" to the level shown by corn 
mitochondria, and were also able to accumulate adenine nucleotides 
through an atractyloside-insensitive site. These accumulations were 
believed to be responsible for the priming effects. Another possibility, 


which appears likely, is that priming represents a buildup of membrane 
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potential that results in dissociation of the ATPase inhibitor polypep- 
tide, as proposed by Van de Stadt et.al. (1973). 

Further work on activation of plant mitochondrial ATPase has been 
done by Jung and Laties (1976), who were able to show that trypsin treat- 
ments could activate the ATPase of sonicated potato mitochondria. This 
implicates the inhibitor polypeptide of Pullman and Monroy (1963) in the 
regulation of plant mitochondrial ATPase. Work on castor bean mitochon- 
drial ATPase (Takeuchi, 1975) was also interpreted to show the presence 
of the inhibitor polypeptide. Mitochondria of castor bean showed low 
ATPase and little stimulation by the uncoupler FCCP. When the mitochon- 
dria were oxidizing succinate, no ATPase activity was detectable, but 
addition of FCCP with succinate released a high rate of ATPase activity. 
Submitochondrial particles showed a 10-fold stimulated rate of ATPase 
activity, which was not inhibited by succinate and only slightly stimula- 
ted by succinate plus FCCP. Trypsin or pH 9.2 treatments to remove the 
inhibitor from submitochondrial particles stimulated ATPase activity 
10-fold further. The author concluded that ATPase is normally regulated 
by the inhibitor polypeptide. The situation with respect to how associa- 
tion between the inhibitor and the ATPase is controlled appears pare 
however, since respiratory sO Rea activate ATPase can be not required 
(corn), required (cauliflower, castor bean) or not effective (potato). 
Further research may resolve these differences. 

An additional minor point concerns the effect of oligomycin, a 
specific inhibitor of the membrane-bound F,-ATPase. Two groups have 
shown that the ATPase activity of sonicated corn mitochondria is rela- 
tively insensitive to oligomycin (Jung and Hanson, 1973; Sperk and 


Tuppy, 1977). This was interpreted by the latter authors to indicate 
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the presence of a unique oligomycin-insensitive ATPase. These studies 
are discussed further in the Appendix. 

Work in this laboratory (Phillips, 1971) showed that whole pea 
mitochondria possessed low rates of ATPase activity which was not stimula- 
ted by 2,4-dinitrophenol in 0.3 M sucrose, and was slightly stimulated 
in 0.3 M mannitol. The activity was inhibited by oligomycin and NaN3, 
and was found to be stimulated by Na’ and KT fons. Activity was also 


increased by the growth regulator ethylene. 


2. Soluble Preparations of Plant F1-ATPases 


The soluble form of the F,-ATPase has not been extensively studied 
by any group. In a short communication, Peterson and Heisler (1963) 
described the TOC of a soluble ATPase from acetone extracts of 
cauliflower mitochondria. The enzyme was not cold labile, but was stimula- 
ted by 2,4-dinitrophenol. No other properties were given. Similarly, in 
a more complete report, Yoshida and Takeuchi (1970) purified and partially 
characterized a soluble ATPase from castor bean mitochondria. The enzyme 
was aie labile, showed ATPase activity that was stimulated by 2,4-dini- 
trophenol, and a high rate of ITPase activity that was not stimulated by 
2,4-dinitrophenol. Another report on a soluble plant mitochondrial ATPase 
is that of Nagaraja and Patwardhan (1974) who isolated the enzyme from 
Cicer arietinum seeds. The enzyme was cold labile, but no other properties 
were described. 

Work in this laboratory resulted previously in the isolation of a 
“soluble ATPase from pea cotyledon mitochondria (Malhotra and Spencer, 1974a, 
b). The method used was that of Horstman and Racker (1970), with minor 


changes. The preparation was used to study the earlier finding with in- 
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tact pea mitochondria (Phillips, 1971) that Na’ and ae ions, added as 
their Cl salts, stimulated ATPase. This stimulation was also observed 
with the soluble enzyme (Malhotra and Spencer, 1974a). In addition, 
the enzyme was stimulated by mixtures of ethylene and carbon diecide 
(Malhotra and Spencer, 1974b). The enzyme required Meee per activation 
(Malhotra and Spencer, 1974a). 

A recent report on a soluble ATPase from plant mitochandria is that 
of Sperk and Tuppy (1977), who used sonication to solubilize the ATPase 
from mitochondria of a variety of monocotyledonous and dicotyledonous 
plants. The ATPase activity remaining in the supernatant after the 
membrane fraction had been removed by centrifugation was cold labile in 
the case of dicotyledons and cold-stable in the case of monocotyledons. 
When the ATPase activity was chromatographed on Sephadex the monocotyledon 
mitochondrial ATPase ran with an apparent molecular weight of 50,000 dal- 
tons. The dicot ATPases ran as molecules larger than 200,000 daltons, 
in keeping with the molecular weight of 347,000 proposed by Knowles and 
Penefsky (1972a, b) for beef heart F,-ATPase. Using the data on molecular 
weight and cold lability, and the oligomycin-insensitivity of monocot 
mitochondrial sonicates noted earlier, the authors concluded that mono- 
cotyledonous plants possess an unique energy-transducing ATPase system. 
This interpretation seems unwarranted, however, in view of the almost 
universal occurence of the F -type nee tore (Penefsky, 1974). Further 
research may be warranted to determine whether monocots possess an Fj- 
ATPase that is capable of a rapid association-dissociation in the cold 


or on Sephadex. 
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CHAPTER IT 
METHODS AND MATERTALS 
A. Tissue Used 


Pea seeds (Pisum sativum L. cv. Homesteader) were soaked in water 
for 6 hr then planted in trays of vermiculite. Seeds were germinated 
for four days in the dark at 27°C and cotyledons were harvested. Al- 
though Phillips (1971) found that ATPase activity of intact pea cotyledon 
mitochondria was highest after five days of germination, I found five- 
day-old peas were more likely to be diseased and their more extensive 
roots made them harder to work with. 

For the work in the Appendix, corn seeds (Zea mays L. cv. Earli- 
King) were washed in 3% sodium hypochlorite solution for 15 min, then 
rinsed extensively and soaked in water for 6 hr. Seeds were planted in 
trays of vermiculite and grown in the dark at 27°C for three days. Shoots 


were then harvested. 
B. Isolation of Mitochondria 


Mitochondria were isolated following a previously published method 
(Solomos et al., 1972) with the following minor variations. Grinding 
was done for 5 min and the homogenate strained with a single layer of 
"miracloth" (Calbiochem). The homogenate was then centrifuged at 1,000 
x g for 7 min. The supernatant layer was then centrifuged for 7 min 
at 20,000 x g. The pellet layer was dark brown with a rim of light-— 
colored material. The light material was removed by suction with a 


pasteur pipette, as was a floating layer of lipid-like material. The 
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pellets were resuspended in 40 ml of 0.25 M sucrose and centrifuged at 
20,000 x g for 7 min. The light layer was again removed by suction. 
Mitochondria prepared by this method showed good respiratory control, 
as discussed in Chapter VI. 500 m1 of dry pea seeds gave about 1200 ml 
of cotyledons and 250 mg of mitochondrial protein. 

Mitochondria from corn epicotyls were isolated following exactly 
the same method, except that the dark brown pellet was surrounded by a 
green layer, which was removed. 

Mitochondria from rat liver were isolated using exactly the same 
method as for peas, except that the low-speed pellet was resuspended 
and recentrifuged three times and the supernatants pooled for high 

speed centrifugation. Grinding was done in a Potter-Elvehejm homo- 


genizer for 1 min. 


C. Isolation of Enzyme 


The ATPase preparation used in Chapters III and IV was prepared by 


the method of Horstman and Racker (1970) modified as described by Malhotra 


and Spencer (1974a). This method is reprinted here with minor changes. 
All steps were carried out at room temperature unless otherwise stated. 
To about 250 mg of mitochondrial protein, 150 ml of 0.15 M sucrose, 
2 ml of 0.2 M solution of tris-ATP (pH 7.4), and 2 ml of 0.2M EDTA solu- 
tion (pH 7.4) were added, and the mitochondria were sonically disrupted 
with a Branson sonifier (model J-32). The temperature was allowed to 
rise to 45°C during the first 10 min and to 52-55°C during the second 
10 min. The preparation was allowed to cool to room temperature and 
centrifuged at 100,000 x g for 90 min. 


The pH of the supernatant layer was adjusted to 5.4 with 1 N acetic 
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acid (isoelectric precipitation). The white suspension obtained was 
centrifuged for 5 min at 16,000 x g. The supernatant layer was decanted 
from the precipitate and adjusted to a pH of 6.7 with 2 M tris. The 
volume of the clear supernatant layer was made to 160 ml by the addition 
of 0.15 M sucrose, and 4 ml of 0.5% protamine sulfate solution was then 
added to it. The precipitate thus formed was discarded after centrifuga- 
tion at 20,000 x g for 5 min and to each 100 ml of the supernatant layer, 
40 ml of 0.5% protamine sulfate solution was added. After 5 min, the 
suspension was centrifuged at 15,000 x g for 10 min. After removal of 
the supernatant layer, the precipitate was dissolved in 10 ml of the 
following buffer: 0.4 M ammonium sulfate, 0.25 M sucrose, 10 m™ tris, 
and 2 mM EDTA, made to pH 7.5 at 25°C with sulfuric acid. To this solution, 
an equal volume seeerut aad ammonium sulfate (pH 7.2) was added slowly 
with stirring at room temperature. The suspension was placed on ice for 
10 min and was then centrifuged at 15,000 x g for 10 min at 4°C. The 
precipitate obtained was warmed to room temperature and was dissolved 
in 10 ml of the following buffer: 0.25 M sucrose, 10 mM tris, 2 m™ EDTA, 
and 4 mM ATP (pH 7.5 with sulfuric acid). An equal volume of saturated 
ammonium sulfate solution (pH 7.2) was added dropwise with stirring and 
the preparation was stored overnight at 4°C. | 

The entire preparation was centrifuged at 15,000 x g for 5 min at 
4°C. The precipitate was warmed to room temperature and dissolved in the 
buffer (0.25 M sucrose, 10 mM tris, 2 mM EDTA, and 30 mM ATP, made to 
DH sea at 20 CG WLth susie acid) to give a final concentration of 4 
mg/ml. The solution was transferred to a test tube that was placed in a 
72°C bath to allow the temperature to rise to 64°C while continuously 


stirring with the thermometer. The solution was then held at 64-0 for 
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4 min by quickly transferring it to 64°C bath. The suspension was allowed 
to-cool to 30°C and then centrifuged at 20,000 x g for 10 min to discard 
_the residue. An equal volume of saturated ammonium sulfate solution 

(pH 7.2) was added to the supernatant layer and the mixture was kept in 
ice for 10 min. The suspension was centrifuged at 20,000 . gy foro) min 
at 4°C. The precipitate thus obtained was warmed to room temperature 

and dissolved in an appropriate amount of the following buffer: 0.25 M 
sucrose, 10 mM tris, and 2 mM EDTA, pH 8.0 at 25°C. Aliquots of this 


solution containing 100 ug of protein were transferred to small test 


tubes and mixed with an equal volume of saturated ammonium sulfate solu 
tion (pH 8.0). The suspensions were then stored at ~30°C. These prep- 
arations were stable for 2-3 months. 

Before an eau a tube containing the enzyme was thawed at 30°C 
and centrifuged for 10 min at 20,000 . g. The pellet was dissolved in 
1 ml of the following buffer: 0.25 M sucrose, 10 mM tris and 2 mM EDTA 
adjusted to pH 7.2 with HCl at 20°C. Solution containing ATPase was. 


kept at room temperature. 


D. Preparation of Submitochondrial Particles 


For preparation of submitochondrial particles the mitochondria were 
suspended in 10 ml of 0.25 M sucrose and either frozen at -20°C or used 
immediately (all experiments in Chapter VI were done with mitochondria 
that were used immediately). The fresh or thawed mitochondrial suspen- 
sion was diluted with 50 ml of “submitochondrial particle buffer" (0.25 
M sucrose and 50 mM TES, brought to pH 7.0 with tris at 20°C). The mito- 
chondria were sonicated in a 100 ml beaker at 0°C for two 1 min bursts 


at 90% full power on the Artek Sonic Dismembrator (Model 300), using 
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the full-size tip. The sonicate was centrifuged at 20,000 x g for 10 

min to remove unbroken mitochondria, and the supernatant centrifuged 

at 10070009 “for (60 mint atn47Ce “The pellet (submitochondrial particles) 
was suspended on 0.25 M sucrose, diluted to a protein concentration of 

6 mg/ml, divided into 0.5 ml portions in glass tubes, and frozen at -—40°C. 
The submitochondrial particles contained about 25-40% of the total 
protein of the sonicated mitochondria. 

To assay ATPase, a tube of submitochondrial particles was thawed, 
diluted 1/5 in submitochondrial particle buffer, and assayed immediately. 
Freezing and storage had no effect on ATPase activity, and frozen sub- 
mitochondrial particles are referred to as "freshly prepared". 

Trypsin-treated submitochondrial particles were prepared by diluting 
9 mg of submitochondrial particles in 10 ml of submitochondrial particle 
buffer, adding 0.5 mg pancreatic trypsin and reacting 15 min at 30°C. 

2.5 mg lima bean trypsin inhibitor was added, and reacted 5 min. The 
preparation was stable to freezing at -40°C. 

Aged particles were prepared by diluting frozen submitochondrial 
particles 1/5 in submitochondrial particle buffer and allowing them to 
stand in test tubes in a water bath. For the most convenient and repeat- 
able aging procedure, I allowed submitochondrial particles to stand 


3-5 Hrtat-i30%: 


E. ATPase Assay Without ATP Regeneration 


The ATPase assay used in Chapters III-VI was that of Malhotra and 
Spencer (1974a) which sensitively measures phosphate release in the 
absence of ATP regeneration. Assay medium, in a final volume of 2.00 


ml, was 0.3 M sucrose, 25 mM TES, 3 mM MgCl» and 3 mM ATP, brought to 
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pH 8.0 with tris at 20°C. The assay, at 30°C, was started by the addi- 
tion of enzyme or submitochondrial particles. 

The assay was usually run for 10 min and was terminated by the 
addition of 1 ml of an ice-cold mixture of 0.12 M glycine, 1.8 M NaCl0,, 
and 0.3 N HCl. Tubes were then placed in ice for 6 min. When fresh sub- 
mitochondrial particles were used the precipitated protein was removed 
by centrifugation. This was not necessary with soluble enzyme or more 
active submitochondrial particle preparations. 

To assay phosphate released, 2 ml of the quenched reaction mixture 
was added fo 2 ml of the Mozersky et al. (1966) molybdate reagent (2.1 N 
H»SO,, 0.6 MNaC10,, and 12.5 mM ammonium molybdate). To this was added 
4 ml of isobutanol:benzene (1:1) and tubes were capped and shaken 15 sec. 
After a 2 min eoninitugat ion to separate aqueous and non-aqueous layers, 
the absorbance of the non-aqueous layer was measured at 313 nm. 

In Chapter VI ATPase was measured using the phosphate release pro- 
cedure, but assay medium was 0.3 M sucrose, 4 mM MgClo, 50 mM TES, 20 mM 
glucose, and 3 mM ATP, brought to pH 7.2 with tris at 20°C. The reaction 


was run for 10 min at 25°C. 


F. ATPase Assay With ATP Regeneration 


For the kinetic assays described in Chapter VII an ATP regenerating 
system was added as suggested elsewhere (Pullman et al., 1960). Assay 
medium was 0.3 M sucrose, 25 mM TES, 1 mM MgSO,, 2 mM phosphoenol pyruvate, 
and 50 ug pyruvate kinase, brought to pH 8.0 with KOH at 20°C. Mg-ATP 
was added to the desired concentration from stock solutions equimolar in 
MgSO, and ATP. (Mg-ATP concentration was determined by absorbance at 


259 nm at pH 7.0 assuming a millimolar extinction coefficient of-15.4 
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(Ebel and Lardy, 1975)). The tubes were placed in a water bath at 30°C 
and’ allowed to incubate 5 min. Submitochondrial particles or ATPase pro- 
tein was added to start the reaction which was allowed to run for 15 
min. The reaction was quenched as described earlier and protein was 


removed by centrifugation. Phosphate was measured as described earlier. 


G. Assay for ATP Synthesis 


The assay for ATP synthesis in Chapter VI measured esterification 
of 32P-orthophosphate. The medium for the assay, in a final volume of 
1 ml was 0.3 M sucrose, 4 mM MgCl5, 20 mM glucose, 4 mM KoHPO, (contain- 
ing approximately 200,000 cpm 32p0,,) , 50 mM TES, 5 units of hexokinase, 
2 mM ADP, and either 0.88 mM NADH or 8 mM succinate, brought to pH 7.2 
with tris. Minor “hanes in this assay medium were as noted in the 
figures and tables. “The reaction was started by the addition of sub- 
mitochondrial particles (100-200 1 protein), and was allowed to proceed 
for 6-15 min at’25°C. To stop the reaction, 1 ml o£ quench solution 
(0.3 M HCl, 0.12 M glycine, and 1.8 M NaCl0,) was added and the tubes 
placed on ice for 5 min. After a 6 min centrifugation to remove precipi- 
tated protein, the supernatants were transferred to clean test tubes, 
2.0 ml of the Mozersky et al. (1966) molybdate reagent (2.1 N H2SO,, 
0.6 M NaCl0,, and 12.5 mM ammonium molybdate) was added, and the tubes 
allowed to sit at room temperature for 2-6 min. The phospho-molybdate 
complex formed was removed by three extractions with 4 ml portions of 
isobutanol:benzene (1:1). The esterified 32P0,, was then measured by 
adding a 1 ml portion of the aqueous residue to 10 ml of Aquasol, and 
counting by liquid scintillation. Blank tubes contained all assay 


components plus 1 Wg of oligomycin. One unit of activity is defined as 
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the amount required to esterify 1 umole of PO,/min under the above 


assay conditions. 


H. Assay of Oxygen Uptake 


Assay of 0, uptake used the same medium as ATP synthesis, except 
that no 320, or hexokinase were present, and the final volume was 3 ml. 


The oxygen electrode was used to follow 0, consumption. Three ml of 


2 


assay medium at 25°C contained 675 n mole of 0, - 


I. Protein Assays 


Protein was assayed using the method of Lowry et al. (1951) for 
all experiments in Chapters III and IV. For experiments in Chapters 
V-VII the coomassie blue G-250 Pa an ares of Sedmak and Grossberg 
(1977) was used. The method is sensitive, very repeatable and requires 
about 5 min to complete. When BSA was used as the protein standard, 
the method of Lowry et al. (1951) or Sedmak and Grossberg (1977) gave 
identical estimates of the protein of soluble ATPase or submitochondrial 
particles. A nearly identical method (Bradford, 1976), available 


commercially from Calbiochem, was not as accurate. 
J. Definition of Units 


Units of ATPase or ATP synthesis were defined as the amount of 
enzyme or submitochondrial particle protein required to catalyse the 
conversion of 1 umole of substrate to product in 1 min, under the 


specified conditions. 


K. Electrophoresis 
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Electrophoresis of the soluble enzyme in Chapter III was carried 
out according to payie (1964) on 5% acrylamide gels. For the work des- 
cribed in Chapter VII, it was found that optimal purity was observed 
when ATPase assay medium was used for the sample solution, gel buffer, 
and electrode buffer. The gels (5% acrylamide) were run at 4 mamp/ 
tube for 2 hr. 

Gels were stained with three different stains to visualize protein 
bands. Amido black (0.5%) in 20% ethanol and 7% acetic acid, was not 
very sensitive but was easily destained using electrophoresis. Coomassie 
blue G-250 was used in 3.4% HC10,. The stain was taken up over a 24 hr 
period and destaining was not required. Coomassie blue R-250 (0.25%) 
was dissolved in 50% methanol and 7% acetic toads Staining was carried 
out, for 5-10 hr at 40°C. Destaining was carried in 20% methanol, 72 
acetic acid by diffusion at 20-40°C. 

ATPase activity was localized on polyacrylamide gels using the 
method of Horak (1972). Gels were immersed in 10 ml of ATPase stain 
medium (0.3 M sucrose, 25 mM TES, 5 mM ATP and 50 iy CaClp brought to 
pH 8.0 with tris) at 30°C and gently shaken for 30-60 min. A white band 
of (Ca)3(P0,4)> precipitate indicated ATP hydrolysis activity. 

SDS gel electrophoresis was carried out exactly according to Weber 
and Osborn (1969). Protein standards were BSA (68,000), catalase (60, 
000), pyruvate kinase (57,000), enolase (41,000), lactic dehydrogenase 
(36,000) and cytochrome c (11,700). Samples of Brorein standards or 
ATPase were dissolved in 10 mM phosphate buffer, to which was added 12% 
SDS and1% mercaptoethanol. Solutions were heated at 98-100°C for 5 min. 
Glycerol and bromophenol blue were added and the samples layered onto 


10% acrylamide gels. Electrophoresis was done at 10 mamp/tube for 3-6 
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hr, and the gels stained with amido black or coomassie blue R-250. 

. 5% acrylamide gels containing 8 M urea were run exactly according 
to Knowles and Penefsky (1972a). ATPase protein was dissolved in ele- 
ctrode buffer containing 8 M urea. Immediately before use a drop of 
bromophenol blue and a few extra crystals of urea were added and the 
samples were layered onto gels. Electrode buffer above the sample 
also contained 8 M urea. Electrophoresis was carried out for 2 hr at 


5 mamp/tube. Gels were stained with coomassie blue R-250. 


L. Materials 


Protamine sulfate used for ATPase purification was from Eli Lilly 


Co. Bovine pancreatic trypsin was from Calbiochem Inc. All other 


biochemicals were from Sigma Chemical Co., Inc. Baker's yeast hexokinase 


was Sigma product H-4502 (200-300 units/mg protein). Rabbit muscle 
pyruvate kinase was Sigma product P-1506 (2 times recrystallized pre- 
cipitate in (NH,)>» SO, 465 units/mg protein). It was centrifuged for 

5 min at 20,000 x g and the pellet was dissolved in 20 mM tris buffer 
(brought to pH 8.0 with H,SO, at 20°C) to a protein concentration of 

2.5 mg/ml. Aquasol and 32p_orthophosphate in 20 mM HCl were from 

New England Nuclear Co. The 32p_orthophosphate was used without further 
purification; however, no pyrophosphate contamination was noted, and 

the epieton blanks described in Chapter VI insured that pyrophosphate 


contamination was not a problem. 


M. Variation in Results 


For the results in this thesis, no standard errors or measure of 


variation were formally calculated. All the experiments reported, how- 
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ever, were done at least two separate times, often by two different 
experimenters. Each experiment contained duplicates or, in most cases, 
triplicates of every level of treatment. The result actually reported 
is in most cases the median value of a representative assay. When an 
effect varied between two assays a third or fourth assay was done. 

Care was taken to include proper controls for each treatment and to 
arrange the assay so that any change in the activity of the enzyme 
during an assay was not crucial (for example age-activation of sub- 
mitochondrial particles). The method of handling variation in two 
special cases is given in more detail below. 

For submitochondrial particles there were several sources of varia- 
tion. Between batches, the ATPase activity of "fresh'' particles varied 
considerably, as mou in Chapter V. All experiments on effects of 
inhibitor or stimulators were thus done many times on separate batches. 
If the tube containing fresh submitochondrial particles for assay was 
kept in the hand or in the water bath at 30°C a gradual increase in 
activity resulted in replicate tubes at the end of an assay having higher 
activity than those at the beginning. In contrast, if the tube contain- 
ing fresh or aged submitochondrial particles was kept in ice and the 
syringe used was not carefully wiped after injecting particles into the 
assay medium, the stock solution of particles quickly lost up to 30% of 
its activity, resulting in replicate assay tubes with lower activity at 
the end of an assay. The best solution to these problems was to keep the 
submitochondrial particles in ice but to carefully clean the syringe 
after each injection. Assays were arranged so that the entire series 
of treatments was done three times in sequence so that age-activation 


or cold-inactivation could be easily detected. 
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For the kinetic assays reported in Chapter VII all points on 
Lineweaver-Burke plots were medians of triplicates. The lines on 
Lineweaver-Burke plots were plotted by eye. Least-squares methods for 
plotting lines would be more accurate with most enzymes, and methods 
exist for weighting points using the reciprocal of the variance at each 
substrate concentration. These methods do not seem suited to an analysis 
of data showing negative cooperativity, however, and so they were not 


used. 
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CHAPTER III 
PARTIAL CHARACTERIZATION OF THE SOLUBLE ATPase 


My initial work on the partially purified enzyme attempted to 
characterize the ATPase enzyme isolated by the Malhotra and Spencer 
(1974a) method. Comparisons made between the pea ATPase and Lee 


ATPases from other tissues showed they were similar in many respects. 


A. Enzyme Assay System and Specific Activity 


To establish optimal conditions for the ATPase assay, I tested 
the effects of enzyme concentration and reaction time. Between 0.5 
and 10 ug ATPase protein the phosphate released was directly propor- 
tional to the a ee concentration. With 2 ug enzyme the reaction 
time course was linear to at least 30 min, the maximum time tested. 

In most experiments reported here the standard assay was run with 
2 ug protein for 10 min. 

The enzyme I obtained had a specific activity of 3.8 one phos- 
phate liberated/min/mg protein when assayed as described. This is 
lower than current literature values for mammalian F,—-ATPases (Pedersen, 
1975; Penefsky, 1974). Treatments with trypsin or 50 mM dithiothreitol 
(Nelson et al., 1972) did not increase the specific activity of the pea 
enzyme (not shown). 

The presence of protein impurities was partially responsible for 
the low observed activity. Gel electrophoresis (Fig.1 ) showed that 
the enzyme contained approximately 40% protein impurities. Specific 
staining showed, however, that all ATPase and GTPase activity was 


associated with the major protein band. 
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Figure 1. 


Polyacrylamide gel electrophoresis of pea mitochondrial 
ATPase. The system of Davis (1964) was used. The gel 
concentration was 5% and gels were run 1 h at 1.5-2.0 mA/ 
tube. A: gel stained for protein with coomassie blue 
R-250. B: stained for ATPase using 5 mM ATP and 50 mM 
CaCl» in normal assay medium, 30°C for 20 min. C: stained 
for GTPase using conditions as in B, but with 5 mM GTP 


replacing ATP. 50 ug protein was applied. 
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B. Cold Lability and Ion Stimulations 


The pea mitochondrial ATPase showed pronounced cold lability when 
at enolvad in the tris-sucrose-EDTA medium (Table 1). After 20 min at 
0° most of the ATPase activity was lost. Inclusion of 4 mM tris-ATP 
in the incubation medium resulted in only a slight protective effect. 
When 10% methanol was added to the incubation medium cold lability was 
considerably slowed. The enzyme was stable for up to 8 hr at 0° when 
kept as a precipitate in the tris-sucrose-EDTA medium containing 50% 
saturated (NH,) S0,. Solutions at -40° were stable for several months. 

Table 1 also shows, in agreement with previous results (Malhotra 
and Spencer, 1974a), that the activity of the untreated enzyme was 
stimulated to about 245% of the normal rate by inclusion of 100 m™ 
NaCl in the assay medium. Inclusion of 20 mM NaHCO3 gave activity of 
320% of the basal rate. NaCl-stimulated activity was also cold labile, 


suggesting that it was not catalysed by a separate enzyme. 


C. Nucleotide Specificity 


The pea mitochondrial ATPase was able to hydrolyse several 
triphosphonucleotides, although only ATP, GTP, and ITP gave high rates 
of activity (Table 2). With CTP and UIP as substrates the activity 
was barely detectable under standard assay conditions. Table 2 also 
shows that ADP and IDP were not hydrolysed by the enzyme preparation, 
ruling out a nonspecific phosphatase activity. The addition of NaCl 


stimulated the ATPase, but not GIPase or ITPase, activity of the enzyme. 


D. “ADP Tnhibition 
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Table 1. Cold lability of purified ATPase from pea cotyledon 


mitochondria. 
20 min pre-assay ATPase Activity 
treatment (ymole Pi/min/mg protein) 
No added With 
NaCl 100 mM NaCl 
25 ST 9.1 
ey 0.4 Ze 
O° + 4 mM tris-ATP OF 360 
0° + 10% methanol 20 re) 
0° + 50% saturated (NH,)9SO (8 hr) 33:8 9.1 


Note: The standard assay mixture (in 2 ml final volume) was 0.3 M 
sucrose, 3 mM MgCl,, 3 mM tris-ATP and 25 mM TES brought to pH 8.0 
with tris at 25°C. The reaction was carried out for 10 min at 30°C 
and contained 2 ug enzyme protein. Before assay the ATPase solution 
(0.20 mg protein in 1 ml of 0.25 M sucrose, 2 mM EDTA and 10 nM tris, 
pH 7.4 at 25°C) was preincubated at 25°C or O0°C (in ice). Where noted 
the preincubation mixture also contained 4 mM tris-ATP, 10% methanol, 
or 50% saturated (NH,)S0,. The slight carry over of Pi and ATP from 
ATP in the preincubation mixture was compensated for by suitable 
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Table 2. Nucleotide specificity of pea mitochondrial ATPase. 


Enzymatic activity 
(umole Pi/min/mg protein) 


Nucleotide No added NaCl + 100 mM NaCl 
ATP S28 9.3 
PEP 9.9 8.5 
GTP 18.9 17.0 
UTP 0.8 0.8 
CTP O23 0.9 
ADP 0 0 
LDP 0 0 


Note: Assay conditions as in Table 1, except that 3 mM ATP was 
replaced by the indicated nucleotides at a concentration of 3 mM. 
GTP, UIP, ITP, and IDP were used as sodium salts; ATP, ADP, and 
CTP were used as tris salts. Where indicated the assay mixture 


also contained 100 mM NaCl. 
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ADP was found to inhibit the pea mitochondrial ATPase (Table 3). 
At an ATP concentration of 3 mM, 50% inhibition occurred at 0.4 mM 
ADP. ITPase activity was more strongly inhibited by 0.5 mM ADP than a 
was ATPase activity. Both ITPase and ATPase activities were inhibited 


by IDP, which was a less effective inhibitor than ADP. 


E. Divalent Cation Requirements 


Pea mitochondrial ATPase was previously shown to require a diva- 
lent cation for full activity (Malhotra and Spencer, 1974a). Fig. 2 
shows that maximal activation by MgCl» occurred when it was equimolar 
with ATP, in agreement with previous results (Malhotra and Spencer, 
1974a). At MgCl» concentrations up to three times greater than the 
ATP concentration ATPase activity remained high. 

When 3 mM MgCl» was replaced by 3 mM CoCl> ATPase activity fell to 
75% of the MgClo-activated rate (Fig. 2). At concentrations of CoCl» 
of 6 mM or 9 mM the activity decreased. With 3 mM CoCl,, inclusion of 
100 mM NaCl gave a 123% stimulation of activity. CaCl at 6 mM or 
9 mM gave 264% of the rate with 3 mM MgClo. With 3 mM CaClo, inclusion 
of 100 mM NaCl resulted in a 45% inhibition of activity. 

In order to test whether the accompanying anion had any effect on 
Met activation, MgSO, and Mg(CH3C00)> salts were also tested. Fig. 
3 shows that both salts gave 75% of the MgClo activity at 3 mM. At 


higher concentrations MgSO, and Mg(CH3CO00O)» were inhibitory. 
F. Inhibitors 


NaN3 was found to be a potent inhibitor of pea mitochondrial ATP- 


ase (Fig. 4). A concentration of 3.5 x 10 °M NaN3 was required for 50% 
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Table 3. 

Substrate Inhibitor 

eeC3 mM) aes 
ATP - 
ATP ADP (0.25 mM) 
AIP. ADP (0.50 mM) 
ATP ADP (1.00 mM) 
ATP - 
ATP ADP (0.50 mM) 
ATP IDP (0.50 mM) 
ITP = 
TTP ADP (0.50 mM) 
ITP IDP (0.50 mM) 


Note: 


ADP and IDP inhibition of pea mitochondrial ATPase. 


Enzymatic activity 


(umole Pi/min/mg protein) % Inhibition 
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Reaction conditions as in Table 1, except that 3 mM ATP was 


replaced by 3 mM ITP where noted. ADP or IDP were added as noted. 
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Figure 2. Divalent cation requirements of pea mitochondrial ATPase. 
Assay as in Table 1, except that in this experiment 
3 mM MgCl5 was replaced by the indicated concentrations 


of MgCl5(0), CoCl,( ), or CaCl5(A). 
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Figure 3. Effects of anion on Mg2t activation of pea mitochondrial 
ATPase. Assay conditions as in Fig. 2, except that 
3 mM MgCl» was replaced by the indicated concentrations 


of MgC1,(0), MgSO.,( ), or Mg (CH3C00),(A). 
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inhibition of ATPase activity in the absence of NaCl. When 100 mM NaCl 
was present ATPase activity was less sensitive to azide, 50% inhibition 
occurring at 1.6 x 10 °M NaN3. 

KCN at 0.5 or 5 mM had no effect on the ATPase from pea mitochondria. 

Sodium fluoride produced a partial inhibition of activity. At 
20 mM NaF the inhibition was approximately 29%. 

p-Chloromercuribenzene sulfonic acid, which binds to free sulf- 
hydryl groups, inhibited ATPase activity. A concentration of 5 x 10 °M 
PCMBS gave a 31% inhibition. 

2,4-Dinitrophenol, which stimulates the ATPase activity of mito- 
chondria and some preparations of purified F,~ATPase (Pullman et al., 
1960; Yoshida and Takeuchi, 1970), was also found to stimulate the 
activity of pea mitochondrial ATPase. A concentration of 5 x 10 'M 
DNP stimulated activity by 128%. The activity of the NaCl-stimulated 
enzyme was not further increased by DNP. 

A specific inhibitor of F,-ATPase in submitochondrial particles, 
oligomycin (1-10 ug), added in 10-100 ul of ethanol, did not inhibit 
ATPase activity beyond an inhibition found to be caused by the ethanol 


alone. 
G. Discussion 


The assay method used in these experiments gave repeatable results, 
with linearity toward both time and enzyme concentration. Other Fy - 
ATPase assay methods require auxiliary enzyme systems to rephosphory- 
late ADP in order to obtain a linear time course (Pullman et al., 1960). 
The sensitivity of the phosphate test employed here means that only a 


small fraction of the available substrate need be used (0,05, =—-0.2 
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Figure 4. Azide inhibition of pea mieeciond ries! ATPase. Assay 
conditions as in Table 1, with the addition of the 
indicated concentrations of NaN3. NaCl (100 mM) was 
present where noted. Scale for acide concentration is 


logarithmic. 
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umole of the 6 ymole ATP available) and a correspondingly small concen- 
tration of the inhibitory product ADP is formed, lessening the need for 
auxiliary enzyme systems. 

The specific activity values reported for the pea enzyme are about 
twice as high as those previously reported for the same enzyme preparation 
(Malhotra and Spencer, 1974a). This likely arises from differences in 
the assay technique. In the present work enzyme, instead of ATP, was 
added to start the reaction, and the dissolved enzyme was not exposed to 
cold temperatures. 

The specific activity of the pea enzyme was lower than current 
literature values for mammalian F,-ATPases, which range from 60-100 
umoles phosphate/min/mg protein (Pedersen, 1975; Penefsky, 1974). This 
discrepancy could indicate that the pea enzyme was eal in a latent 
state. However, when treatments that release the latency of chloroplast 
or mammalian F,)-ATPases were tried on the pea enzyme, including trypsin 
treatments, and preincubation with 50 mM dithiothreitol (Nelson et al., 
1972) they were ineffective. A heat-activation step, already included 
in the method, caused only slight activation (Malhotra and Spencer, 
1974a). Another possible reason for the low activity of the pea enzyme 
is that the assay medium does not include chloride or bicarbonate anions, 
used in some other assay methods. These anions were found to stimulate 
the pea enzyme 3-fold, as discussed later. 

Cold lability is an unusual enzyme property that has always been 
found with purified mammalian F,-ATPases since its original observation 
by Pullman et al. (1960; Penefsky, 1974). Yoshida and Takeuchi (1970) 
have shown that a preparation of castor bean mitochondrial ATPase was 


also inactivated by cold treatments, as is the chloroplast F,—-ATPase 
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involved in photophosphorylation (Nelson et al., 1972). The property 
has been studied with beef heart mitochondrial F,-ATPase by Penefsky 
and Warner (1965), who found that a variety of alcohols afforded cold 
protection. Their report that the enzyme at 0° loses 50% of its act- 
ivity in 6 min when kept at a protein concentration of 0.1 mg/ml is in 
keeping with the results reported here. 

Pullman et al. (1960) noted that ATP, which stabilized their beef 
heart mitochondrial ATPase against a slow inactivation at room tempera- 
ture, was not effective as a cold protective agent. A similar lack of 
ATP effect was noted here. This is in contrast to results with the 
yeast mitochondrial ATPase, which is cold=provecced by 2 mM ATP or ADP 
(Ryrie, 1975). 

In the experiments reported by Penefsky and Warner (1965) as well 
as the work of none groups (Pullman et al., 1960; Ebel and Lardy, 1975) 
no stimulation of activity was found to occur when NaCl or KCl was 
included in the assay medium. The salt stimulation found (Table 1) 
with the pea mitochondrial enzyme will be described in detail in Chapter 
IV. 

The results reported in Table 2 indicated that the pea enzyme has 
a broader nucleotide specificity than was earlier suspected (Malhotra 
and Spencer, 1974a). Beef heart Fj~ATPase results reported by Pullman 
et al. (1960), indicated that ATPase, GTPase, and ITPase activities were 
approximately equal. UTP gave 60% of the ATPase rate, while CTP was not 
hydrolysed by their preparation. However, the specifity of soluble rat 
liver F\-ATPase appears very different, since Vmax values for the GTPase 
of that enzyme are 2 and 4-fold greater than the Vmax values for ATPase 


activity (Pedersen, 1976). The only report on the substrate specificity 


ti 
7 


gt ed ta Miao Fy 


Sood Vikds fori l idese nae! 
“hiotres modi ta mobsey? Jeg nd wate ® + alle ints wee 
ab BIBS FELLOLS A «TOR orb eery bios to a! soit sco te 
Oth ho Pn bie & ed bos aedrtge ‘i i iki, ies alia 
| , OU) a 
‘Hay gs Naeets sour baihi “iene iaiereaget ee ae a 
Cet ed 4 dona Breve tod SCaee «Abe ja te btu ey todtto ve sirom oe 
aay HO sb foe W nbd’ tnd, ‘ae Bind ae eer | cs 1 he ae Oy ! 
1) ha is Hab bi a 


apwel $e a hstroqer sata 


‘ canal unhiiatios ‘seeare inn “ 


a 


50 


of a soluble plant mitochondrial ATPase is that of Yoshida and Takeuchi 
(1970) who showed ITPase activities 100% higher than ATPase values, in 
complete agreement with the results reported here. 

Further support for the similarity between the pea enzyme and the 
F,-ATPase of rat liver is that only ATPase activity, and not GTPase or 
ITPase activities, was affected by the SR ie of NaCl. This closely 
resembles the kinetic effects of bicarbonate anion on the rat liver 
enzyme (Pedersen, 1976). 

The high rates of GTPase activity reported here may seem to merit 
renaming the enzyme nucleoside triphosphatase rather than ATPase. It 
should be pointed out, however, that in intact mitochondria the aden- 
ine-specific nucleotide transporter enzyme imposes an ATP specificity 
on the ATPase reaction. For example Phillips (1971), using steace pea 
‘mitochondria isolated and assayed by the methods used here, found that 
GIPase activity was considerably less than ATPase activity. However, 
in experiments reported in Chapter V, I found that submitochondrial 
particles freshly prepared from pea mitochondria showed substrate 
specificity similar to that of the isolated enzyme, with GTPase>ATPase. 
These particles, in which ATPase activity could be completely inhibited 
by oligomycin, demonstrate that GIPase activity is likely not caused | 
by denaturation during the enzyme purification procedure. 

In addition, it should be noted that the anionic composition of 
the assay medium has a dramatic effect on the relative rates of GIPase 
and ATPase activity. In the presence of 20 mM NaHCO3, when ATPase was 
stimulated to 12.0 umole Pt/min/mg protein, and GIPase activity was 
eee en ee 18.9 umole Pt/min/mg protein, the ratio of activities 


was reduced from 5:1 to 3:2. A similar effect occurs in 100 mM NaCl 
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(Table 2), where the GTPase: ITPase:ATPase ratio is reduced from 5:3:1 
tow2: 21s 

ADP was found: to be a strong inhibitor of the pea cotyledon mito- 
chondrial ATPase. Early eae with beef heart mitochondria F,-ATPase 
(Pullman et al., 1960) indicated that an ADP:ATP ratio of 1:2 gave 50% 
inhibition of ATPase activity. Other workers have reported a wide range 
of values for the inhibitory power of ADP. Pedersen (1975) has reviewed 
the Bee pen tee in the literature and finds that variations in anionic 
composition of the assay medium or purity of the nucleotide solutions 
used may account for the disagreement. 

The finding that IDP is inhibitory to the pea mitochondrial ATPase 
is in contrast to the lack of inhibition observed with beef heart mito- 
chondrial F,-ATPase (Pullman et al., 1960). The same workers found that 
ADP was a more powerful inhibitor of ITPase activity than ATPase activ- 
ity. This finding agrees with the results presented here. 
| The divalent cation requirements of the pea enzyme were somewhat 
surprising in that free Mg*t did not seem to inhibit the enzyme (Fig. 
2°) s.Enh contrast,.excess Mg 2t has been found to inhibit many ATPases, 
such as the hae - xa ATPase from crab nerve (Skou, 1960), a cell wall 
ATPase of barley (Hall and Butt, 1969) and the F,-ATPase from chloropl- 
asts (Nelson et al., 1972). However, Pullman et al. (1960) found that 
a 3-fold excess of Met caused only very minor inhibition of their pre- 
paration of beef heart mitochondrial F,—-ATPase. 

The high CaCl,-activated rate of ATPase activity is unusual for 
mitochondrial ATPases. Selwyn (1967), detailing the specific eation 


requirements of purified F,-ATPase from beef heart mitochondria, found 


highest activation with MgSO, as the activator; CoCly and CaCly gave 
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96% and 7% of the MgSO, rate respectively. Tzagoloff et al. (1968) 
found with their preparations of F,-complexes from beef heart mitochond- 
ria that the CaCl»-activated rate varied between 3% and 83% of the 
MgCl5-activated nee eocndane on the stage of purification. “With the 
spinach chloroplast F,-ATPase the MgClj-activated rate is only 3% of the 
CaClj-activated rate under normal assay conditions (Nelson et al., 1972). 

The cation activation curves with MgSO, and Mg (CH3C00)»5 were 
puzzling, in that with these salts a clear optimum was seen at 3 m™ 
Mgt, in contrast to the curve uel MgCl5. A possible explanation for 
this finding is that high Mg*t concentrations do inhibit the enzyme, 
but a stimulatory effect of chloride is capable of masking this behav- 
ior. Alternatively, sulfate and acetate could be inhibitors. This 
hypothesis is tested in the next chapter. 

The pea cotyledon enzyme was shown to be typical of F,-ATPases in 
its inhibitor sensitivities. 

NaN3 was a very potent inhibitor, causing a 50% inhibition at 3.5 
x 10 °M. Pullman et al. (1960) showed that NaN3 is a potent inhibitor 
of beef heart mitochondrial F,-ATPase. A concentration of 4 x 10° °M 
resulted in 80% inhibition. Other workers, using rat liver F)-ATPase, 
have found that NaN3 is a less effective inhibitor when the ATPase 
activity is stimulated by bicarbonate anion (Ebel and Lardy, 1975). 
With the pea enzyme NaN3 lost effectiveness when NaCl was present. 

The pea ATPase was insensitive to K(N, which is normally inhibi- 
tory to the same metallo-enzymes inhibited by NaN3. A similar lack of 
cyanide inhibition has been shown with purified rat liver F)-ATPase, 


although the ATPase activity of intact mitochondria or submitochondrial 


particles was inhibited by cyanide (Weiner and Lardy, 1974). 


vi * CCAR wiht shay, ‘todenent y 
eenariiast Lin duel al soy aa 
baad! Pe nes cts aH 


ate a EW Asi at moe Mine; Yau meni me; 
in Y i 


Sk oi , te Pr) non tolt) henisks Pa) aes i tiie i 
| bw 5c0ea: HO) >” bas Oy ‘dad eines tak. BF | 
ae y ae wong omer ark tgn seals: ® widen anal oe aut on 
<6? sokterniqns aldteyay A: ost aaty Sviriis/ oui oo) seenaate 
| coereins att 7? atiol 08h ooh te etingai tae. ag hat tts wel td? ie 
ihedisek MAD ere theme Fea we sieht it ‘ahr voliga x. ite ~aill | + 
Pt ee vey ted a aa aeons. ve’ ee Dl ot t six me ery 
Ae OR a ae | daiguedia) a (in boda atk ; 


an 
nt Bee sity, he Oe be ot a od txt wate sh tiondbaer mere 


Jey) ea 
ih ; ‘cr 


- 
i. 


‘Qe 46 \obaad at m8 s ova é a : 


ye"95 kes aun 
ee ae nase gel: c 
on ‘stag aid, eater oid ws a 
\ een egies r at tay : - a 
paar ie ehaly, snd moh: 
oe) iiecon ill ie big “pair os Rectaier 
Ne wall (elt ih iyi el Matt wh aac ve 

pat dart sat sa sate sage 


NaF was a relatively weak inhibitor of pea mitochondrial ATPase. 
This result compares with the 20% inhibition by 20 mM NaF in experiments 
with F,-ATPase reported by Pullman et al. (1960). 

The PCMBS inhibition was found to be quite potent. These result 
differs from those reported from many F,-ATPases, which were not inhibi- 
ted by mercurials (Pedersen, 1975; Senior, 1973). However, Pullman et 
al. (1960) found that 5 x 10 ‘M PCMB completely inhibited the DNP stimu- 
lation of purified beef heart mitochondrial F,-ATPase. JIodoacetamide at 
Dit 10M failed to inhibit the activity of the pea mitochondrial ATPase. 

The lack of an oligomycin inhibition is in keeping with the find- 
ing that the protein required for oligomycin sensitivity of F,-ATPase 
is destroyed by the heat treatments used to purify the enzyme (see 
Pedersen, (1975). 

The many similarities between pea mitochondrial ATPase and solu- 
bilized mammalian F,-ATPase, including cold lability, substrate specif- 
ity for purine nucleotides, stimulation by NaHCO3, inhibition patterns 
by ADP, IDP, NaF, KCN, NaN3, and divalent cation requirements, all 
point to these two enzymes being closely related. The novel features 
of the pea enzyme, especially high relative GIPase activity, may be 
partially caused by the assay buffer employed,which did not contain 


chloride, bicarbonate or other stimulatory anions. 
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CHAPTER IV 


ANIONIC STIMULATIONS OF THE SOLUBLE ATPase 


A. Nature of the Salt Stimulations 


Previous work in this laboratory showed that isolated pea mito- 
chondrial ATPase was stimulated by NaCl and KCl (Malhotra and Spencer, 
1974a, b). To further characterize this stimulation I initially did 
experiments to determine the roles of the cation and anion. When I 
tested Cl salts of a variety of cations, all gave patterns of stimula- 
tion similar to that produced by NaCl (Fig. 5). The curves showed 
similar effects of salt concentrations of 5 to 40 mM. Above 40 mM, 
rates of ATPase activity with NH,Cl and CsCl dropped, while activities 
in the presence of NaCl, LiCl, and KCl remained high. High concentra- 
tions of CsCl (80-160 mM) resulted in the formation of a precipitate 
during the assay. The cause of the NH,Cl inhibition was unknown. In 
the cases of all cations tested the lowest concentration at which I 
found maximal activity was 40-80 mM. The magnitude of the maximal 
activity varied between 221% and 259% of the basal rates depending 
upon the salt added. The similarity of results obtained with the variety 
of salts used appeared to rule out a selective cation stimulation. 

When a variety of anions were added as their Nat salts (Fig. 6); 


I found that the stimulations of ATPase activity varied widely, even 
- Basal rate refers to the activity measured in the absence of added 


(non-buffer) salts. Stimulated rate refers to the full activity 


measured in the presence of the added salt. 
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Figure 5. Effects of cation-Cl salts on activity of solubilized ATPase 
from pea mitochondria. The assay was done as in Table l, 


except that salts were present in the indicated concentrations 


ATPase ACTIVITY (units/mg protein) 


[salt] mM 
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at concentrations as low as 5-10 mM, suggesting a specific anionic 


= 
was inhibitory. When I tested 


effect. The most stimulatory anion was HCO followed by Cl and Br ; 


a less active anion was $000 while NO, 
Na’ salts of three organic acids, the effect again varied with the anion 
(Fig. 7). Acetate and formate were both stimulatory, although formate 
only mildly so, while citrate was inhibitory. 

Since some of the salts tested in Figs.5-7 were inhibitory at 
higher concentrations, I tested the effects of NaCl concentrations 


above 160 mM, to determine if NaCl could inhibit also. Fig. 8 shows 


that NaCl concentrations of 0.2 M and higher were inhibitory. 


B. Properties of NaCl-Stimulated Activity 


Having established the anionic nature of the stimulations I carried 
out experiments to determine whether the properties of the NaCl-stimula- 
ted activity were similar to those of the basal activity. 

When I examined the divalent cation specifity of the NaCl stimula- 
tions (Table 4), I found that this stimulation was most pronounced with 
Mg2t as the divalent cation; in the presence of Co*t, less NaCl stimula- 
tion was observed (Part A). In part B, with Cat as divalent cation, 
the basal rate was high and NaCl inhibited activity. Mes added with 
SO; as counterion supported a high rate of activity in the presence of 
NaCl eCearcec). 

Fig. 9 shows that in the presence of 0.1 M NaCl the Me*t optimum 
of the enzyme was sharpened slightly. Maximal activity occurred at 
1.5-3.0 mM Mg**. 


I tested the effects of several inhibitors on both the basal and 


NaCl-stimulated rates of activity. Table 5 shows the PCMBS inhibition 
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Figure 6. Effects of Na-anion salts on activity of pea mitochondrial 
ATPase. Assay conditions as in Table 1. Salts were present 


in the indicated concentrations. 


ATPase ACTIVITY (units/mg protein) 
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Figure 7. Effects of Nau salts of organic acids on activity of pea 
mitochondrial ATPase. Assay conditions as in Table l. 


Salts were present as noted. 
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Figure 8. Effect of high NaCl concentrations on activity of pea 
mitochondrial ATPase. Assay conditions as in Table l. 


NaCl was present as noted. 
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Table 4. Effect of 100 mM NaCl on ATPase activity. 


- 


ATPase activity 


Cation No added NaCl + 100 mM NaCl 4% Stimulation by NaCl 
A. MgCl5 3 mM Site! 9235 145 

CoCl> 3 mM Ley 3.8 123 
B. MgClo 3 mM 3218 9.4 147 

CaCl5 3 mM od, 4.3 -44 

MgCl 6 mM 326 7.4 105 

CaClo 6 m™ 11.8 7e7 hs) 


Note: Reaction conditions as in Fig. 1, except that 3 mM MgCl»5 was 
replaced by 3 mM or 6 mM concentrations of the indicated salts. Where 
noted 100 mM NaCl was present in the assay medium. Activity is in 


units/mg protein. 
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Figure 9. Effect of NaCl on the Me*t requirements of pea mitochondrial 
ATPase. Assay conditions as in Table 1, except that MgClo 
concentration was varied and NaCl (100 mM) was present as 
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noted. 
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of the basal rate of activity noted in the last chapter; the PCMBS 
effect was enhanced by NaCl at all tested concentrations of PCMBS. 
Iodoacetamide, which had little effect on the basal rate, was slightly 
inhibitory in the presence of NaCl. The inhibition by 0.5 mM ADP was 
not Ee reseiee changed by the addition of 100 mM NaCl. I also found 
that 5%Z ethanol in the assay medium reduced basal activity and severely 
inhibited the NaCl-stimulated rate. 

To test whether the stimulation by NaCl might actually be the res- 
ult of release of the enzyme from an inhibited state, such as that 
caused by the specific ATPase inhibitor polypeptide (Horstman and Racker, 
1970; Pullman and Monroy, 1963; Van de Stadt and Van Dam, 1974), I pre- 
incubated the enzyme with 0.1 M NaCl. Table 6 shows that this preincuba- 
tion treatment had no effect. A variety of trypsin treatments, known 
to destroy the specific polypeptide inhibitor of mitochondrial ATPase 
(Horstman and Racker, 1970; Jung and Laties, 1976; Takeuchi, 1975), 
failed to stimulate the activity of the pea mitochondrial ATPase 
(Table 6). 

One of the characteristics of the direct anion stimulations report- 
ed for rat liver F)-ATPase and SMP by Ebel and Lardy (1975), and Pedersen 
(1976) is that anions stimulate ATPase activity more than GIPase or 


ITPase activities. These workers also found that Ny preferentially 
inhibited ATPase over other substrates, and that the N, inhibition was 
reduced by the presence of stimulatory anions. I thus investigated 
substrate specificity and azide inhibition of the Cl stimulated acti- 
vity. Table 7 shows that the NaCl stimulation of enzyme activity was 


specific for ATP among the nucleotides tested. GTPase and ITPase 


activities, which were high in the absence of NaCl, were not increased 
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Table 5. Effects of inhibitors on NaCl-stimulated activity of ATPase 
from pea cotyledon mitochondria. 


No added NaCl 100 mM NaCcl 
Treatment Activity % Inhibition Activity % Inhibition 
Control oor 0% 9.3 02% 
5 x 10 °M PCMBS 0.9 Tie 0.6 OA, 
5 x 10°°M PCMBS 0.8 78% ae 87% 
5 x 10M PCMBS 1.8 52% 2.1 77% 
5 x 10M PCMBS 3.0 20% BAS 43% 
5x 10M ee AEE 4.0 ~5% Zeb Pex 
5 x 10 MTodoacetamide 4.0 -5% 7.5 19% 
5 x 10 ‘M ADP 1.5 60% 4.5 52% 
Control Siege, 0% OS 0% 
100 ul Ethanol oo7 29% 3.4 64%, 


Note: Assay was performed as in Fig. 1, with inhibitors added as noted. 


Activity is in units/mg protein. 
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Table 6. Effects of treatments designed to release the polypeptide 
inhibitor from the ATPase from pea cotyledon mitochondria. 


ATPase Activity 


Treatment Units/mg Protein i (Control 

Control (preincubated 326 1002 
without NaCl) 

Preincubated with CW) O77, 
100 mM NaCl 

Control B78 100% 

0.2 ug trypsin 4.2 Le 

2.0 ug trypsin 41 : 108% 

25 ug trypsin 35.0 802% 


Note: NaCl preincubation was for 25 min in a medium of 0.25 M sucrose, 
2 mM EDTA, and 10 mM Tris, at pH 8.0, with or without 100 mM NaCl. For 
trypsin treatments, the indicated amounts of trypsin were incorporated 
into assay medium without ATP. 2 ug enzyme was added and allowed to 

react 6 min at 30°C. The reaction was stopped by the addition of a 10- 
fold excess (by weight) of lima bean trypsin inhibitor, and after 5 min 
Tris-ATP was added to start the reaction. In blank tubes trypsin and 


trypsin inhibitor were both added before ATPase. 
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by addition of the salt. In addition, Table 7 shows that the Cl anion 
3° 


GTPase activity, which was not Ce stimulated, was also not severely 


was antagonistic to the inhibition of ATPase activity caused by N 


3° 


in this*case also. 


inhibited by N Inclusion of Cl appeared to reduce the N, inhibition 


3 


C. Discussion 


Stimulations of enzyme activity by univalent cations have been 
reported for many enzymes and are well documented for mammalian Na’-K* 
ATPases (Skou, 1965). In addition, several plant ATPases have been 
reported to be cation-stimulated (Dodds and Ellis, 1969; Hall and Butt, 
1969; Karisson and Kylin, 1974; Lin et al., 1977). Based on evidence 
similar to that presented in Fig. 5 of this chapter, Adolfsen and 
Moudrianakis (1973) concluded that a non-specific cation activation 
occurred in their preparations of beef heart and bacterial coupling 
factors. <A univalent cation stimulation of the 2,4-dinitrophenol- 
induced ATPase activity of intact rat liver mitochondria has also been 
noted (inonstecwats, 1968). Early work on the isolated pea cotyledon 
mitochondrial ATPase (Malhotra and Spencer, 1974a) indicated that the 
enzyme was stimulated by Na’ and ie ions (added as their Cl salts). 
Somewhat similar results were found with the ATPase activity of intact 
mitochondria from pea cotyledons (Phillips, 1971). The results of 
Fig. 6 and 7 of this paper, however, demonstrate that if any cation 
stimulation of pea mitochondrial ATPase occurs, it is relatively non- 
selective. The variation among the Na’ salts that stimulated activity 


(-100% - +313%) is much more pronounced than that between the tested 


Cl salts (221-259%). This suggests that the stimulations are primarily 
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Table 7. Substrate specificity of anion effects on activity of ATPase 
from pea cotyledon mitochondria. 


Nucleoside triphosphatase activity 


Without NaCl 100 mM NaCl added 
Substrate NaN 3 Activity % Inhibition Activity % Inhibition 
ATP - Je = 9°53 = 
ATP Biot, ofl a 6 57% 6.7 28% 
GIP - Look - G2 _ 
GTP 5x10 °M 13.9 iy 14.8 9% 
ITP - 9.9 2 On5 = 


Note: Assay was as in Fig. 1, except that 3 mM ATP, GIP, or ITP was 


present as noted. Activity is given in units/mg protein. 
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anionic. 

The Mg@t optimum of the NaCl-stimulated activity was sharper than 
was the Me2? optimum of the basal activity. The probable cause of this 
change is that the co normally present in the basal assay mixture as 
the counterion of Mg2t stimulated the enzyme at high Me2t concentrations, 
masking the slight inhibition by free Spieee This conclusion is support- 
ed by the finding in Chapter III that MgSO, used as the activator shows 
a curve with a clear optimum at 3 mM Mg*t, 

The anions that are stimulatory do not show any trends of size, 
valency or other properties that might suggest a mode of action. How- 
ever, the anions tested may not all work by the same mechanism; citrate 
for example, has been found to inhibit bacterial and beef heart coupling 
factors, probably by chelating an enzyme-bound Me7* ion (Adolfsen and 
Moudrianakis, 1973). At high concentrations many of the salts showed 
an inhibitory effect that may not share the same mechanism as the stim- 
ulations. Other workers have found that high salt concentrations cause 
subunit dissociation of soluble F,-ATPase (Penefsky and Warner, 1965), 
and this may explain the inhibition by high NaCl concentration shown 
an, Fig. Os 

Three types of mechanisms could be considered for the anion stim- 
ulations: In the first of these a contaminating or denatured ATPase 
could be present, which could be Cl -activated. The enzyme used in 
these experiments was about 60% pure. However, I showed in the pre- 
ceding chapter by specific staining of electrophoresis gels that only 
one band of nucleoside triphosphatase activity was present in the prep- 
aration when ATP or GIP were used as substrates in the presence of 100 


mM Cl. Iwas also able to show (Appendix I) that the oligomycin- 
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sensitive ATPase activity of corn submitochondrial particles was also 
stimulated by NaCl, indicating that denaturation during the purification 
of the soluble enzyme was not a likely cause for the NaCl stimulations. 

Two other possible explanations of anion stimulation that were 
considered in detail were dissociation of an inhibitor polypeptide, 
or alternatively, a direct effect of anions on the enzyme. In the 
experiment shown in Table 6 I attempted to find out whether the anion 
stimulations resulted from dissociation of the naturally occurring in- 
hibitor polypeptide (Pullman and Monroy, 1963). The polypeptide can be 
caused to dissociate from the beef heart F,-ATPase by ions (Horstman 
we Racker, 1970; Van de Stadt and Van Dam, 1974) and some anion spec- 
ificity for this effect is shown, with effectiveness ranked acetate>Cl > 
NO, (Van de Stadt and Van Dam, 1974). Rena eae pre-assay incubation of 
the pea enzyme with NaCl, which might have been expected to release the 
inhibition, did not affect activity (Table 6). The inhibitor from beef 
heart is extremely sensor to trypsin (Horstman and Racker, 1970; 
Pullman and Monroy, 1963). Trypsin treatments have been found to stimu- 
late the ATPase activity of castor bean submitochondrial particles about 
10-fold, indicating that plant mitochondria do possess a trypsin-sensi- 
tive ATPase inhibitor (Takeuchi, 1975). I have also found that corn SMP 
are trypsin stimulated (Appendix I). However, none of the foypsin treat- 
ments used here with the soluble enzyme (Table 6) was effective in stimu- 
lating activity or in changing the effect of added NaCl. I conclude 
that the anion stimulations of the soluble enzyme reported here are not 
caused by dissociation of an inhibitor polypeptide. 

A direct effect of anions on the enzyme, similar to that found 


with mammalian and yeast ATPases (Ebel and Lardy, 1975; Recktenwald and 
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Hess, 1977) seems a more likely hypothesis, mainly because of the ATP 
specificity and NaN3-anion interaction (Table 7). 

The NaCl stimulation of activity was found to be specific for Mg- 
ATP as a substrate (Tables 4 and 7). Among the nucleotides tested, 
the high GIP and ITP hydrolysing activities were not further increased 
by NaCl, while among the divalent cations only Me*t and Cot supported 
a NaCl-stimulated rate. In the last chapter I showed that the soluble 
pea ATPase had a high Ca-ATPase activity, which is rare among mitochond- 
rial ATPases. The decrease in Ca-ATPase caused by NaCl (Table 4) is 
thus intriguing. It is possible that free Gacs has a direct stimulatory 
effect on the enzyme, and that this effect is inhibited by NaCl. This 
possibility is supported by the finding that maximal activity with Cat 
was found at concentrations (6-9 mM) beyond that required to complex the 
3 mM ATP present. Sone et al. (1969) have reported that the soluble 
mitochondrial ATPase from Endomyces yeast shows substantial Ca-ATPase 
activity in normal (Tris-acetate) assay medium. Mg-ATPase activity of 
the Endomyces enzyme was stimulated 4- to 5-fold by 2,4-dinitrophenolate 
or maleate anions, but Ca-ATPase activity was only slightly stimulated. 

The ATP specifity of the anion stimulations reported here parallel- 
ed the ATP specificity for the effects of HCO.» and other oxyanions on 
the (Cr, and Km of soluble rat liver F)|-ATPase (Ebel and Lardy, 1975; 
Pedersen, 1976). For example, the rat liver F,-ATPase preparation of 
Pedersen (1976) showed a substrate specificity similar to that of the 
pea enzyme (GIPase>ITPase>ATPase) under normal assay conditions; the 
addition of 20 mM HCO, stimulated the tae of ATPase activity 5-rtold, 
but had no effect on GTPase or ITPase activities. The rat liver Fj- 


ATPase preparation of Ebel and Lardy (1975) showed substrate specifi- 
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city of ITPase>GIPase=ATPase; in the presence of HCO,, ATPase was stimu- 
lated 3-fold, while GIPase and ITPase were stimulated only 1.6-fold. 
Similarly, the soluble castor bean mitochondrial ATPase showed ITPase> 
ATPase activity. Addition of 2,4-dinitrophenol stimulated ATPase by 


88Z, but only stimulated ITPase slightly (Yoshida and Takeuchi, 1970). 


The finding that the Ny 


inhibition is relieved by NaCl is directly 


3 and HCO, found with soluble 


mammalian F,-ATPases (Ebel and Lardy, 1975; Lambeth and bardy; 11971). 


comparable to the antagonism between N 


Ebel and Lardy (1975) found that addition of 10 m™ HCO, causes a 5-fold 


decrease in the inhibition of ATPase activity by NaN3. ITPase activity, 
which was relatively insensitive to HCO, stimulation, was also less 
affected by NaN 3. aartien of HCO, decreased the N, inhibition of 
ITPase activity. These results (Ebel and Lardy, 1975) were analogous 
to those Deported by other groups (Moyle and Mitchell, 1975; Sone et al., 
1969), as well as to those reported for the pea enzyme in Table 7 

The PCMBS inhibition of the basal rate is rare for soluble F,-ATP- 
ases, although the ieee mitochondrial ATPases (Sone et al., 1969) 
was also inhibited by mercurials, and was not inhibited by iodoacetate. 
The increased sensitivity to -SH reagents in the presence of NaCl may 
indicate that NaCl helps to expose a sulfhydryl group. Other workers 
have also reported a PCMB sensitivity of anion-stimulated ATPase acti- 
vity (Pullman et al., 1960). 

In contrast to NaN3, whose effectiveness as an inhibitor was de- 
creased by NaCl, ethanol was a very effective inhibitor of the NaCl- 


stimulated activity and a poor inhibitor of the basal rate. Ethanol 


has been found to stimulate beef heart F,-ATPase (Penefsky and Warner, 


1965). 
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ADP was an equally effective inhibitor of basal and anion- 
stimulated activities. 
The stimulations of soluble pea mitochondrial ATPase reported here 


are somewhat similar to the oxyanion stimulations reported with other 


F,-ATPases. Similarities occur in substrate specificity, anion-N,, 


antagonism, and in the case of HCO,, in the concentration of anion 
required. An important difference, however, is in the anion specifi- 
city: Cl anion has been tested and found to have no stimulatory effects 
on beef heart and rat liver F,-ATPase preparations (Lambeth and Lardy, 
1971; Penefsky, 1965). On the basis of the oxyanion specificity observed 
with mammalian F)-ATPases, a specific oxyanion binding site on the enzyme 
has been proposed (Ebel and Lardy, 1975; Recktenwald and Hess, 1977). 
Such a site, if present on the pea enzyme, does not show an absolute 


oxyanion specifity. 


gi 


_Womohan aA aromas eta oe 


ah Bhs rage wetes ) ay wh 


ula tin ate: fas 5) nod exon ele gett aa 00 
binrio@ded \¢3t922) 98e8 st ntanyne it +6 etal ee? Lat oer, ce 
eimeuinne ek i sete tthe — mois wa sidloaga:s einer: 17 hits 

Ne ante agg That own 30 sates nein Lael Kan edad id 
S7US ORE, Oh we hi TOW dob ares Bo at anal it co 


; he 0 R oe aah 
x es) ye B, ‘ 4 
Ps 
ak tie 
)), : j Y 
rk : os 


K Ao Genny i ; > } ake i 
Ys ie ine Tipu a ‘ieee ee |p 
a vi : wl f 


‘i Wy 
: Le Joa 
1g ei i 
’ | A y 
Oy al nan 7 ya Pps 
N, tae sk 3 nal i i 1 
T + y i : 
ii) oF a AN. ; 
LS, a Ye miy ', i ‘ 4 i 
ager Ob: Ns a | i 
{ U in - 2 0 ‘i ‘ A 
oa, J On \y acy q i 7 
rs v 7 
7 * 


CHAPTER V 


ATPase ACTIVITY OF SUBMITOCHONDRIAL PARTICLES 


The low activity of the soluble enzyme, and the fact that it was 
impure, indicated that a new purification method should be devised, 
starting with submitochondrial particles rather than whole mitochondria. 
The ATPase of the particles, however, was interesting enough to merit 


investigation. 


A. ATPase Activity of Freshly Prepared Submitochondrial Particles 


Using pea cotyledon submitochondrial particles prepared as described 
in Chapter II, I found that between batches ATPase activity varied from 
0.07 to 0.29 units/mg protein (Table 8; controls), with most batches 
in the range of 0.07-0.10 units/mg protein. The activity required a 
divaltientucation (Tabile.8... expt..1)..)With Mp? the optimal concentra- 
tion was 3 mM; at this concentration Gaus was only 28% as effective. 

I found that oligomycin, a specific inhibitor of membrane-bound mito- 
chondrial ATPases, inhibited the ATPase activity of submitochondrial 
particles by more than 90% in most batches (expt. 2). Submitochondrial 
particles that were not 90% or more sensitive to oligomycin were not 

used in these studies. To insure that only oligomycin-sensitive ATPase 
was being measured, each assay included blanks that contained every assay 
component plus 1 ug of oligomycin. 

To test for possible contamination by adenylate kinase and non-spe- 
cific phosphatase activity I tested the hydrolysis of ADP and §$-glycero 
phosphate. Neither of these substrates was hydrolysed at a detectable 


rate. 


i 


re a get te, 8 ‘ett! bm omnes se ae , 
p baa how od bs taney bore maka te 7 ha) 
iLebipsons ke showy jet) pedsae ashatanen eshapdag ri 
Three) O29 Aghors gm vanessa i tegow. vance ada is 


: Bean ri dat - Fut sacdbd nat J : weet’ 


re sh as berpeineny asiake tad a Untonglae enti, bike Leta oat: | 
oot baktow yrivieis ape tha nid 94 apowded ana, pew, Bt 1 

| ikdoads me bide ia kw gtotpy wOeregy H § alia® poo ga\drana R820 ‘ 
a paynbipise } oles - ott ) facaoers pr wen ef i030 ww sana . 
—etaeniiee UG ee We ae ois “oe writ: Mite a a i atde), Aetiee 3 
ci nalie, £8 ses “hati ata, +9) epee ae ia ene 16 Ma ba 
aan t! Bisioit Smee Ate ag sonbeeat! suboaan sbiehmog to soit 
Ae, ba visio? tndue 3 be heed Satins ait besraanet saqap lh . ot 


ibs etna wk rs ia s- Bair! | 


wae eh chews hengetaos na 


ouN 
a 


[ke i 
¢- " 4 abe 
,) J Pan 


I found that NaN3, a potent inhibitor of soluble mammalian F,- 
ATPases (Ebel and Lardy, 1975; Pullman et al., 1960) and of the soluble 
pea mitochondrial ATPase (Chapter III), was also effective against the 
ATPase activity of submitochondrial particles (Table 8, expt. 3). 

The respiratory and phosphorylative properties of pea submitochon- 
drial particles are reported in Chapter VI. However, to insure that 
the HY gradient produced by the ATPase reaction in submitochondrial 
particles (Moyle and Mitchell, 1973) was not inhibiting the rate of ATP 
hydrolysis, I tested the effect of addition of an uncoupler and an 
electron transport substrate on the ATPase reaction. Table 8, (expt. 
4) shows that addition of 16 uM CCCP had no effect on the ATPase activ- 
aty. of submitochondrial particles, with or without added succinate. 
This concentration of CCCP completely uncoupled respiration from phos- 
phorylation in both mitochondria and submitochondrial particles of peas 
(see Chapter VI). It thus appears unlikely that a proton gradient 
sufficient to inhibit ATPase was formed under these assay conditions. 
The stimulation by succinate is intriguing and may be caused by inhibi- 
tor dissociation, as noted with beef heart submitochondrial particles 
(Van de Stadt et al., 1973). 

Addition of an ATP regenerating system (Pullman et al., 1960) 
had no stimulatory effect on ATPase activity, showing the reaction was 
not being inhibited by buildup of ADP (not shown). Table 8, (expt. 5) 
shows that ADP was a weak inhibitor of the ATPase reaction of submito- 
chondrial particles, compared to its effect on the soluble enzyme where 


0.5 mM ADP caused 61% inhibition under the same conditions (Chapter III, 


Table 3. 
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Atractyloside (20 uM), a specific inhibitor of adenine nucleotide 
transport (Vignais, 1976; Wiskich, 1977), was only slightly inhibitory 
(Table 8, aay 6), indicating that the submitochondrial particles 
were nearly completely in the "inside-out" conformation. 

I found that submitochondrial particles could be stored in 0.25 M 
sucrose at —40 C for up to several months with no change in rates of 


ATPase activity. 


B. Presence of the Inhibitor Polypeptide 


Since the ATPase activity of fresh submitochondrial particles was 
relatively low (0.1 unit/mg protein, compared to 2-10 unit/mg protein 
for mammalian preparations) (Bruni and Bigon, 1974; Racker and Horstman, 
1967), it appeared likely that the preparations contained the naturally 
occurring ATPase inhibitor polypeptide. Since the inhibitor is known 
to be easily destroyed by trypsin (Jung and Laties, 1976; Pullman and 
Monroy, 1963; Racker and Horstman, 1967), I tried treating fresh sub- 
mitochondrial particles with trypsin. Table 9 shows trypsin treatments 
did induce an approximately 20-fold increase in ATPase activity of 
submitochondrial particles with low initial activity. The ATPase acti- 
vity of trypsin-treated submitochondrial particles remained sensitive 
to oligomycin, and all activity was found in the pellet after a 1 hour 
centrifugation at 100,000 x g, indicating that the aeons was still 


membrane-bound. 


C. Activation of ATPase by Aging 


Early in my work I found that when fresh submitochondrial particles 


were kept at room temperature or higher ATPase activity increased drama- 
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Table 8. Characterization of ATPase activity of fresh submitochondrial 
particles. 


Assay as in Table 1. Im treatments marked *, the blank contained all 
assay components except submitochondrial particles. In all other expts., 
blanks contained all assay components plus 1 pg oligomycin. For values 
marked "nil" detection limit was below 5% of control value. 


ATPase Activity 


Expt. Treatment units/mg protein % Control 
1 no cation nil ; 0 
3 mM MgCl, 0.29 100 
3 mM CaCl, 0.08 28 
2* control 0.26 100 
+ 1 vg oligomycin O30), 4 
3 control 0.16 100 
+ 5 uM NaN3 Ov12 15 
+ 50 uM NaN3 0.06 38 
+ 100 uM NaN3 0.04 aS) 
4 control 0.09 100 
+ 1.5 uM CCCP 0.09 100 
+ 8 mM succinate 0.13 140 
+ CCCP + succinate Ovi 140 
5 control 0.07 100 
+ 1 mM ADP 0.03 43 
6 control 0.08 100 


+ 20 uM atractyloside 0.07 88 
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tically. This response, which I called "aging", was studied in more 
detail. A variety of analogous temperature activation phenomena have 
been reported, both with plant (Jung and Hanson, 1976) and animal mito- 
chondrial systems (Pullman et al., 1960; Warshaw et al., 1968). 

Table 9 shows that the rate of aging depended on the pH of the 
incubation medium. At pH 6.6 the rate was slowed compared to pH 7.0. 

At pH 7.4 and 8.0 aging was initially fast, but this was followed by 
lower rates. All further experiments on aging were done at pH 7.0. 

The aging response was also directly related to the temperature of 

the incubation (Fig.10, A-C). At O°C aging was barely detectable, 

(Fig. 10A), while at 50°C maximal activity was achieved in 10 min 

(Fig. 10C). At room temperature (20°C) maximal activity was found at 
20-24 hr. I was unable to achieve significant activation at 60°C, with 
or without addition of 1 mM ATP, in contrast to other workers (Jung and 
Laties, 1976; Warshaw et al., 1968). At all temperatures tested, ATPase 
reached a maximal level, then decreased (Fig. 10C; decline not shown 

for 10°C, 20°C, 30°C). The rate of activity loss was greatest at high 
temperatures. 

The sulfhydryl reducing agent dithiothreitol (DTT) (50 mM) increased 
the rate of aging at 30°C (10B), but did not ‘protect the activated sub- 
mitochondrial particles against loss of activity. Dithiothreitol also 
activates the ATPase of plastid membranes (Nelson, 1976). 

I found that at 20°C aging was prevented by inclusion of 1 mM ATP 
(Fig. 10D). When 1 mM MgCl, was added in addition to ATP, the rate of 
aging-activation was reduced compared to controls, but was not prevented, 
perhaps because of hydrolysis of the added ATP. Addition of 1 mM EDTA 


with 1 mM ATP completely reversed the ATP effect (not shown), suggesting 
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Table 9. Trypsin and aging activations of pea submitochondrial 
particle ATPase. 


For trypsin activation, 3 wg submitochondrial particles in assay medium 
at 30°C was treated with 2.5 ug trypsin for 6 min, then 15 ug trypsin 
inhibitor was added. After 5 min, ATP was added to start the assay. 

For aging activation, submitochondrial particles in sucrose were diluted 
with submitochondrial particle buffer at the indicated pH, and assayed 
immediately or allowed to age at 20°C for the indicated times. Assays 
were done as described in Table l. 


ATPase activity 


Pre-assay Treatment (units/mg protein) 
None 0.07 
Trypsin, 6 min | 1.40 
pH 6.6, assayed immediately 0.09 
pH 6.6, aged 3 hr : 0.46 
pH 6.6, aged 8 hr 0.90 
pH 7.0, assayed immediately 0.09 
pH 7.0, aged 3 hr 0.58 
pH 7.0, aged 8 hr 1.10 
pH 7.4, assayed immediately 0.09 
pH 7.4, aged 3 hr 0.68 
pH 7.4, aged 8 hr 0.96 
pH 8.0, assayed immediately 0.32 
pH 8.0, aged 3 hr OS75 


pH 8.0, aged 8 hr Or9Z 
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that an endogenous cation may be required for the ATP effect. EDTA 
alone increased the rate of aging. At higher temperatures ATP delayed 
the onset of aging but once initiated did not inhibit its rate (Fig. 
10B). 

The ATPase of aged particles was still completely sensitive to 
oligomycin, and all activity was found in the pellet after 1 hr. of 
centrifugation at 100,000 x g at ee 

I found that trypsin-treated particles were not further activated 
by aging (not shown), suggesting that aging, like trypsin treatment, 


stimulates via release or destruction of the inhibitor. 
D. Other Activation Treatments 


r Beet two other methods of releasing the inhibitor, but neither 
was successful. I found that sonication at pH 9.2, used to release 
the inhibitor with beef heart (Knowles and Penefsky, 1972a) and castor 
bean submitochondrial particles (Takeuchi, 1975) produced only a slight 
activation compared to trypsin or aging (Table 10, expt. 1). Passing 
submitochondria through Sephadex G-50 Coarse in the presence of 0.25 M 
KCl, which yields low-inhibitor beef heart submitochondrial particles 
(Racker and Horstman, 1967), resulted in complete loss of ATPase acti- 


vity with pea submitochondrial particles (Table 10, expt. 2). 


E. Attempts to Reverse Aging 


If aging is the result of inhibitor dissociation, then it should be 
possible under the proper conditions to re-inhibit aged submitochondrial 


particles. With mammalian systems it has been found that maximal associa- 


tion of the inhibitor with the enzyme occurs at pH 7.0 or below, at low 
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donic strength, and in the presence of low (100 uM) concentrations of 
Mg-ATP (Horstman and Racker, 1970; Pullman and Monroy, 1963). I per- 
formed several experiments in which aged pea cotyledon submitochondrial 
particles were exposed to these conditions, but at no time was aging 
reversed. 

When the submitochondrial particles were kept at 0 C, however, I 
found that an ATP-dependent loss of activity occurred in both fresh and 
aged particles (Table 10, expt. 3-5). While the effect was small (10- 
30%) it was reproducibly detected in over 5 batches of fresh and aged 
submitochondrial particles. This effect may represent a partial rever- 
sal of aging, but it is important to note that when a preparation of 
particles was aged'to give two different levels of activity, both lost 
approximately the same amount of activity on ATP-cold treatment (Table 
10, expt. 4 & 5). A similar ATP-dependent cold inactivation has been 
noted with beef heart submitochondrial particles (Bruni et al., 1977), 
and was thought to represent a dissociation of the inhibitor-free enzyme 
when ATP was bound. However, when I tried to repeat the ATP-dependent 
cold inactivation with trypsin-treated submitochondrial particles, no 
effect was noted (Table 10, expt. 6), suggesting that the effect requires 


the presence of inhibitor. 


F. Substrate Specificity and Anion Effects on Submitochondrial Particles 


Fresh, aged and trypsin-treated submitochondrial particles provide 
a good comparison system for investigating the significance of the sub- 
strate specificity and anion stimulations observed earlier with the 


soluble enzyme. 


Studies on the soluble enzyme in Chapter III showed that GTP was 
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by far the most active substrate, followed by ITP, with ATP the least 
active purine nucleotide. Using fresh submitochondrial particles I 
observed that GIP was hydrolysed at about twice the rate of ATP (Table 
11). This specificity was not preserved after aging or trypsin-treatment, 
however, when ATP and GIP were hydrolysed at about equal rates. 

Chapter IV showed that 1% HCO, and other anions stimulated ATP 
hydrolysing activity of the soluble pea ATPase, but had little effect 
on GTPase or ITPase activity. This effect was thought to result from 
a direct interaction of the anions with the enzyme, but could also were 
been the result of inhibitor dissociation or an artifact caused by solu- 
bilization of the enzyme. With submitochondrial particles, I found 


(Table 11) that HCO, anion was stimulatory to the ATPase activity of 


fresh, aged, and trypsin-treated particles, indicating that HCO. 


stimu- 
lations are not an artifact of enzyme solubilization, and are not caused 
only by the presence of the inhibitor. 

With Cl as the anion, where 100 mM concentrations were required 
for maximal activation, the situation changed slightly. I found that 
with fresh submitochondrial particles, NaCl stimulated ATPase by about 
1.7-fold, slightly greater than the stimulation caused by HCO... With 
aged or trypsin-treated particles the stimulation was 1.3 fold, less 
- 


some inhibitor dissociation with fresh submitochondrial particles, and 


than that caused by HCO This suggests that 100 mM NaCl can cause 


perhaps also cause some enzyme dissociation to lower activity with 


trypsin-treated particles. 


Other investigators have found with mammalian F,-ATPases that Cl 


anion has no effect on the kinetics of F,-ATPase, while HCO, is stimula- 


tory (Ebel and Lardy, 1975; Lambeth and Lardy, 1971; Pedersen, 1976). 
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Bruni and Bigon (1974) who found a Cl activation of beef heart sub- 
mitochondrial particles, attributed it to loss of inhibitor. To test 
whether this was the case with pea submitochondrial particles, I exa- 
mined the effect of anions through the entire time course of trypsin 
activation. Fig. 11 indicates that NaCl and NaHCO3 both retained their 
stimulatory effect, even when ATPase activity had peaked. 

Effects of anions became more clear when they were examined with 


an alternative substrate. When I tested trypsin-treated submitochondrial 


particles I found that GTPase activity was not stimulated by 20 mM HCO, 


(fable 1%).; and was slightly inhibited by 100 m™ elr. again suggesting 
a destructive effect of Cl . With fresh submitochondrial particles I 
found that GTPase was stimulated by Cl and by HCO, indicating that 
either can partially release the inhibition. 

In Chapter IV, I showed that 10% ethanol severely inhibits the 
anion stimulations with the soluble pea enzyme but has less effect on 
the basal activity. --I found this was true with trypsinised submitochon- 
drial particles when ATP was used as the substrate and HCO, was the 
activating anion (Table 11). I found that with ATPase the substrate 
trypsin-treated submitochondrial particles were inhibited by NaCl in 
the presence of 10% ethanol. Table 11 also shows that 0.1 m™ Ny 
anion was an effective inhibitor of trypsin-treated submitochondrial 
particles. 

To insure that Cl stimulations were not an artifact of the assay 
System, I also tested the ATPase activity of rat-liver submitochondrial 
particles. Rat liver F,-ATPase has been reported to be HCO, stimulated 


and inhibited by Cl (Ebel and Lardy, 1975; Lambeth and Lardy, 1971). 


Table 11 shows this was also the case with rat liver submitochondrial 
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Figure 11. Time course of trypsin activation. Trypsin treatment 
was as described in Methods. Assay was done as described 


in Table Ll; 
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particles in the present assay system. 
G. Discussion 


The experiments described in this chapter explore the properties of 
the pea cotyledon ATPase in its native, membrane-bound, oligomycin-sens- 
itive state. Both inhibited (fresh) and activated (trypsin-treated or 
aged) preparations were investigated. It is important to note that in 
these experiments the submitochondrial particle preparation was relat- 
ively uncontaminated by ATPase activities that were not sensitive to 
oligomycin. The small amount of oligomycin - insensitive activity found 
remained in the supernatant layer after a second centrifugation at 
100,000 x g and was not likely membrane-bound; it was probably F,-ATPase 
that had been solubilized by sonication. The ee iad was also sub- 
stantially free of adenylate kinase and non-specific phosphatase. 

The ATPase activity of freshly prepared pea submitochondrial part- 
icles showed several differences from the solubilized enzyme described 
in Chapter III. The soluble enzyme Ngee ae catalysed a high rate of 
Ca-ATPase (300% of Mg-ATPase), while the submitochondrial particles 
showed low Ca-ATPase; typical of mammalian submitochondrial particles 
and F,-ATPases (Penefsky, 1974). As with mammalian systems (Ebel and 
Lardy, 1975) pea submitochondrial particles showed less inhibition by 
NaN3 (Table 9, oe 53; Table 11) than did the soluble pea enzyme, 
which required 3.5 uM NaN3 for 50% inhibition (Chapter III, Fig. 4). 

It may be that conformational changes required for NaN3 action are © 
restricted when .the enzyme is bound to the membrane. 

The ATPase of freshly-isolated submitochondrial particles appeared 


to be associated with the ATPase inhibitor polypeptide, since trypsin 
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treatments caused a 10-fold or greater increase in ATPase activity. 

The inhibitor has been found with other F,-ATPase and submitochondrial 
particle preparations from mitochondria of plants (Jung and Laties,. 
1976), mammals (Horstman and Racker, 1970; Pullman and Monroy, 1963), 
yeast (Satre et al., 1975) and from chloroplasts (see Nelson, 1976). 
Using castor bean submitochondrial particles, Takeuchi (1975) has shown 
a 10-fold increase in ATPase on trypsin treatment, and Jung and Laties 
(1976) have found that the ATPase activity of sonicated potato mitochon- 
dria is also trypsin-activated, although it was unclear in the latter 
work what proportion of the activity was membrane bound. 

The discovery of a more gentle method than trypsin for removing 
the inhibitor (aging), allowed me to investigate some of the conditions 
that might control association of the inhibitor with the ATPase. These 
conditions are similar to those noted with mammalian submitochondrial 
particles and F,-ATPases: high pH, elevated temperature, absence of 
ATP, and absence of divalent cations favor loss of inhibitor. 

Pullman and Monroy (1963) and other workers (Horstman and Racker, 
1970) have shown that pH values of 7.0 or lower give rise to maximal 
association of the inhibitor with the F,-ATPase of beef heart. Sam 1— 
arly, the initial rate of aging of pea submitochondrial particles was 
lowest at pH 6.6, and rose steadily with higher pH values. 

The loss of inhibition with heat treatment is also well known in 
mammalian ATPases and is the basis for a heat activation step in some 
of the purification procedures (Horstman and Racker, 1970; Pullman et 
al., 1960). It should be noted that the heat activation reported here 
is different than that reported by Warshaw et al. (1968), in which 


oligomycin sensitivity of submitochondrial particles was lost and the 
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F,)-ATPase apparently solubilized. I was not able to use the 60°C 
activation treatments of Jung and Laties (1976), since loss of acti- 
vity generally occurred, with or without added ATP. 

For association of the polypeptide inhibitor with beef-heart a> 
ATPase, low levels of ATP and Mg2+ have been shown to be required 
(Horstman and Racker, 1970; Pullman and Monroy, 1963). In a similar 
fashion, ATP slowed the aging of pea submitochondrial particles. The 
divalent cation requirement appeared complex: EDTA increased the rate 
of aging, and negated the effect of ATP, but with MgATP, aging proceeded 
at an appreciable rate. This may result from hydrolysis of the added 
ATP when Me*t is present. 

It appears that pea submitochondrial particles from which the in- 
hibitor has been removed are somewhat unstable under the conditions 
that cause inhibitor release. Aging for prolonged periods, the pres- 
ence of DIT, or elevated pH values all resulted in eventual loss of 
activity. The instability of the activated ATPase may explain why more 
drastic treatments such as 60°C heat, Sephadex chromatography in 0.25 M 
KCl, or sonication at pH 9.2 all failed to activate the pea cotyledon 
submitochondrial particles. 

The work on the pea ATPase inhibitor has been hampered by an in- 
ability to reverse aging (that is, to re-associate the inhibitor with 
the ATPase), although I tried acidic pH, ATP, Mg, and lower ionic 
strength in a variety of combinations. Initially I thought that the © 
ATP-dependent cold inactivation of fresh and aged submitochondrial 
particles shown in Table 10, was a possible "aging reversal" technique. 
However, after considerable effort, I was unable to obtain more than the 


10-20% inhibition shown in Table 10. I believe that the cold-inactiva- 


95 


at) a at 


Kine do cont aceeke og wens shan 
, 27) babie anqine gaedige cberamaoe olan 
ome vane Reod aa if en ch Sigeqehog! atts zo rokmtaaoan ee 
eee gM boa) #74 Yo aleval wat | 
tal ete #41 5 (Oa rene bag stoma, meee ene baa 
Gi. sweloeting fae ho niermttandins aay te. janes eat peweile “Th. 


weg etd , beeees - .- ATOR cp xeliquns base oagsl treme cbtpes sapaas 3 

Sebihonines gfiitgn , Text ddine tod VTA Bee se sit heteyee Bn se oe 

=“ ety to eluvicsbhgl aod 4 fwesr a etet ~otet, sidescaree a 
alomeesg at +8 ud 

wil? dstov moet nel sheen, i ierbngiiocs thus | wag seit ensage as 

anaxzibsas say .tabniad dadaen daitivoiney ‘pre hewn: aeeih adie 


bes Sag me 1, BIAS “ety - “AG er aA geles. ‘ jgaaeiat yoni saat eeu) (ie ; 


tn pact Ingsteve. at bp human Mis nae tie. bedeveLs 40, ete oe 


gion whe alniqne yar Sel Semen sam, da, T cat Lhdasout ma? 


‘fr 


e 


' oe : Ad wineigeapameaes ‘nasil aad Brag, as. Have, rsasosaass sc 
gubeieres 3 na iid waving oe iota) tis Bue, im elle x0 408 . 
ant nas ce se ee oer ates nee es om Sad at pn a 
‘drby vartel Any, ads azabsananritia *) gee tousa? aitae aatevss, oa. eubhiide: a 

a). Shoes ee bow out nl if Biong botas 1, dysosta rs — 7 
"dale aside aaa of? 4 “ehh s sacsanitane9 3o ten it a 

fettbedao3tudes baud su ‘india co lanastpres aach bios Snabas ” | 
phatinved: Neasaenis koe” nein ap Oh plday ob omc : nm ‘ 


a afl Ua ee si dace dal sutzh cian salen’ topiasillh 
“eyitoune~itos aa saith, mean . 


wd 1a 


x 


»Y 7 
> 2 


7 
aa 


=) 


tion represents inhibition by a portion of the inhibitor which is in a 


"bound non-inhibitory" state, as proposed by Van de Stadt et al. (1973). 


That the inactivation is not an effect of ATP binding to inhibitor-free 
ATPase molecules and causing them to dissociate, as proposed elsewhere 
(Bruni et al., 1977), is shown by the fact that increasing the propor- 
tion of inhibitor-free ATPase molecules (aging) does not increase the 


amount of cold inactivation, and by the fact that trypsin-treated part- 


icles, in which the inhibitor is destroyed, are not susceptible to cold- 


inactivation (Table 10, expt. 6). 

The substrate specificity of the pea submitochondrial particles | 
was intriguing, since it was altered from that of the soluble enzyme, 
which shows ealeeeiueeeiy 5-fold higher activity with GTP than ATP 
(Chapter III, Table 2). With activated (aged or trypsin-treated) 
submitochondrial particles, activity was nearly equal with the two 
substrates. Lower relative GIP hydrolysing activity with membrane 
bound ATPase was found by Pedersen (1976) when he compared soluble rat 
liver F,]-ATPase to rat liver submitochondrial particle ATPase. It is 
difficult to account for the difference in substrate specificity bet- 
ween activated and fresh pea submitochondrial particles, however. It 
may be that the high relative GTPase activity is caused by a slight 
inhibitor dissociation. It appears clear from the results with activa-— 
ted submitochondrial particles that the high GTPase seen with the solu- 
ble enzyme is not an intrinsic property of the membrane-bound enzyme. 

One of the Biridses ae my research with pea submitochondrial 
particles was to show that the Cl and HCO, stimulations noted with the 
soluble enzyme in Chapter IV were not artifacts of isolation or a 


result of inhibitor dissociation. The data in Table 11 and Fig. 11 
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show that with trypsin-treated or aged submitochondrial particles, where 
the inhibitor has been removed, the anion effects remain, and are spec- 
ific for ATPase activity, as they are with the soluble enzyme (Table 
11). Interpretation of the results with fresh submitochondrial panti- 
cles is more difficult, and requires that NaCl and NaHCO3 act to release 
the polypeptide inhibitor, iieeeby stimulating both ATPase and GTPase 
activities, as well as specifically stimulating the ATPase activity via 
a direct interaction with the enzyme. 

The effect of anions on the ATPase of submitochondrial particles is 
much reduced over that noted with the soluble enzyme in Chapter IV. 
This has also been observed with rat liver submitochondrial particles 
and F,|-ATPase (Ebel and Lardy, 1975; Pedersen, 1976). However, from 
this work it appeared Godiva definite that anion stimulations are an 
intrinsic property of the pea enzyme, and that Clint in addition to HCO, 
is stimulatory. This may be important in determining what shape (Ebel 
and Lardy, 1975) or chemical (Lardy et al., 1975) properties determine 
if an anion is stimulatory. 

It should be pointed out that the experiments described in this cha- 
pter did not directly prove the existence of the polypeptide inhibitor 
in the particle preparation, and it is possible that the activations 
noted here are not the result of inhibitor digsécistton: However, the 
many similarities between the aging and trypsin activations reported here, 


and those in the literature make a strong case for the presence of the 
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CHAPTER VI 


OXIDATIVE PHOSPHORYLATION BY SUBMITOCHONDRIAL PARTICLES 


In order to characterize the pea submitochondrial particles more 
fully, and also_in the hope of exploring the relationship of ATPase to 
ATP synthesis, I also carried out a series of experiments to measure 


oxidative phosphorylation by pea submitochondrial particles. 


A. Oxygen Uptake by Mitochondria and Submitochondrial Particles 


I found that mitochondria and submitochondrial particles prepared | 
as described in Chapter II Sues typical behavior in the assay for 05 
uptake (Table 12). Beeeoctiond ria showed RCR values of 2-3 with succinate 
and 3-4 with the NADH-linked substrate malate plus TPP (not shown). 
State IV respiration of the mitochondria was not inhibited by oligomycin, 
a specific inhibitor of the ATPase-ATP synthetase complex, but this 
inhibitor prevented the increase of respiration observed when ADP was 
added. tn the presence of an uncoupler (16 yM CCCP) the rate of 0., 
uptake was only slightly greater than the rate in state III. Atractylo- 
Side (20 uM), which competitively inhibits ADP transport into the mito- 
chondrion (Vignais, 1976) produced a one-third inhibition of the state 
III rate when 1 mM ADP was present. Mersalyl (10 uM), a sulfhydryl 
blocking reagent that inhibits phosphate transport in mitochondria 
(Wiskich, 1977), blocked the state III increase in respiration. 

When submitochondrial particles were oxidizing NADH or succinate, 
ADP produced a slight to moderate stimulation of 0, uptake (Table 12) 


(between batches ADP response with NADH as substrate varied from 10- 


40%). No state III to state IV transition was observed (not shown). 
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Upon addition of uncoupler, respiration was increased substantially 
beyond state III rates. Oligomycin inhibited the initial state IV 

rate slightly, and prevented any increase in respiration on addition 

of ADP. Oligomycin had no effect on the rate of uncoupled respiration. 
With NADH as substrate I found that rates were stimulated by addition 

of 10 ug of oxidized cytochrome c to the submitochondrial particles. 
Mersalyl (10 uM) completely blocked the increase in respiration observed 
on addition of ADP plus Pi. Mersalyl had no effect on uncoupled rates 
of respiration. Atractyloside (20 uM) had no effect on respiration of 
submitochondrial particles (not shown). 


B. Oxidative Phosphorylation by Mitochondria and Submitochondrial 


Particles 


I found that both mitochondria and submitochondrial particles were 
capable of good rates of actactive phosphorylation, as measured by 32p4 
esterification (Table 13). The assay was linear with respect to time 
and concentration of mitochondria or submitochondrial particles up to 
the point of 0, depletion (result not shown). The assay was usually run 
to use 40-60% of the available 0,- With submitochondrial particles the 
assay required hexokinase for maximal activity (Table 13), since pea 
Submitochondrial particles catalyse an active ATPase reaction which was 
stimulated by the presence of oxidizable substrate (Chapter V, Table 
8). 

Oxidative phosphorylation by mitochondria or submitochondrial par- 
ticles was stopped completely by either uncoupler or oligomycin (Table 
13). In all further experiments I used blanks containing all assay com- 


ponents plus 1 pg oligomycin, so that treatments that affected 32pi 
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carryover, pyrophosphate formation, or non-enzymatic phosphate ester 
hydrolysis would not give erroneous results. Atractyloside (20 uM) 
inhibited mitochondrial oxidative phosphorylation by 30%, but had no 
effect when used against submitochondrial particles, indicating that 
the adenine nucleotide transporter plays no role in oxidative phosphory- 
lation in this preparation. When the phosphate transport inhibitor 
mersalyl was present (10 uM), phosphorylation by either mitochondria or 
submitochondrial particles was nearly completely stopped, at both low 
(O.1 mM) and high (4.0 mM) phosphate concentrations. Since a transport 
inhibitor should not inhibit inside-out particles, and respiration was 
neither inhibited nor uncoupled, I also tested the effect of 10 uM 
mersalyl on the ATPase reaction of submitochondrial particles. It was 
inhibited 100%, indicating that mersalyl is a direct inhibitor of the 
ATPase-ATP synthetase complex.. KCN (0.2 mM) nearly completely stopped 
phosphate uptake. Addition of oxidized cytochrome c resulted in a 30% 
increase in pe darive phosphorylation when submitochondrial particles 
were oxidizing NADH. 

For submitochondrial. particles, P/O ratios with NADH as substrate 
were 0.5 to 1.4, and with succinate they ranged from 0.2 to 0.5. For 
most experiments I used NADH as substrate. 

When submitochondrial particles were stored in sucrose for several 
weeks at -40°C, their ability to phosphorylate gradually decreased. All 
experiments were done with submitochondrial particles that were stored 


less than three weeks. 


C. Kinetics of Oxidative Phosphorylation by Submitochondrial Particles 


I found that the Pi kinetics of oxidative phosphorylation by sub- 
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Assay medium (in a final volume of 1 ml) was 0.3 M sucrose, 4 m™ MgClo, 
20 mM glucose, 4 mM KjHPO, (containing approximately 200,000 cpm Pe 
orthophosphate), 50 mM TES, 5 units of hexokinase, 2 mM ADP and oxidiz-— 
able substrate (8 mM malate with10 uM TPP, 8 mM succinate or 0.88 mM 


NADH) brought to pH 7.2 with tris at 25°C. 


min. Esterified PO, was determined as described in Methods. 


Preparation 


Substrate 


Treatment 


Assay was run at 25°C for 6 


ATP Synthesis 
(units/mg protein) 
Control Treated 
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Oxidative phosphorylation by mitochondria and submitochondrial 


ee ea ee ee ee ee eee 


Mitochondria 


Succinate 


Submitochondrial 
Particles 


NADH 


Malate 


Succinate 


none 


16 uM CCCP 

1 ug oligomycin 

20 uM atractyloside 
10 uM mersalyl 


none 


no hexokinase 

16 uM “CCCP 

1 ug oligomycin 

20 uM atractyloside 
10 uM mersalyl 

0.2 mM KCN 

10 ug cytochrome c 

20 uM atractyloside* 
20 uM atractyloside** 


20 uM atractyloside*** 


* ADP at 2 uM, ** ADP at 20 uM, *** ADP at 200 uM 
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mitochondrial particles were different from those of several animal 
submitochondrial Tereer preparations. The Km for Pi was found to be 
0.18 mM (Fig. 12), 20-50 fold lower than values for rat liver and beef 
heart submitochondrial particles (Bygrave and Lehninger, 1967; Schuster 
et al., 1977). The positive cooperativity toward Pi, noted by Schuster 
et al. (1977) with rat liver submitochondrial particles, was not detect- 
ed in my experiments. Since the rat liver experiments were conducted 

at concentrations of ADP below 200 UM, I also tried repeating the Pi 
ieee ice experiments at 50 uM ADP, and again found linear kinetics (not 
shown). To be certain that the low Km observed here was not caused by 
Some component of the assay medium, I tried an experiment using rat liver 
submitochondrial particles. I found that freshly prepared rat liver 
submitochondrial particles showed a Km at least 10-fold higher than that 
found with pea submitochondrial particles. 

The ADP kinetics of phosphorylation (Fig. 13) were not as simple as 
the Pi kinetics. In repeated attempts I consistently observed negative 
cooperativity, with Km values of 10 uM, and 100 uM. This could have been 
the result of two populations of particles, one inside-out and one right- 
side-in. The kinetics of right-side-in particles could be governed by 
an adenine nucleotide transporter with a high affinity for ADP, while 
the inside-out particles could give a higher Km. To test this, I tried 
inhibiting oxidative phosphorylation at low levels of ADP by adding 20 uM 


atractyloside. Table 13 shows that even at very low ADP levels, atract- 


yloside had very little effect. 


D. ATPase and Oxidative Phosphorylation 


Since the ATPase reaction and substrate oxidation can occur at the 
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same time (Chapter V), I undertook experiments to determine What, “Lf 
any, relationship existed between rates of ATPase, ATP synthesis, and 
0, uptake. 

When I performed a pH curve for the three reactions (Table 14), I 
found they each behaved differently. As expected from earlier work on 
the soluble pea mitochondrial ATPase (Malhotra and Spencer, 1974a), ATP- 
ase activity of submitochondrial particles increased steadily over the 
pH range 6.8-8.0. The rate of phosphorylation, however, showed a peak 


ae ph / 0; 05 uptake in the presence of ADP and Pi, or with uncoupler, 


was maximal at pH 7.6. P/O ratios were highest at pH 7.2. 


3 
system for the relationship between ATPase and ATP synthesis. I found 


The stimulations of ATPase by Cl and HCO, provided another test 
that in the pH 7.2 ATP synthesis buffer, the stimulation of oligomycin- 
sensitive ATPase by anions was reduced from that observed at pH 8.0 
(Table 15). Phosphorylation, however, was not stimulated by anions but 
slightly reduced. To show that this reduction was not caused by the 
increased ATPase competing with hexokinase for the ATP I added extra 
hexokinase,which had no effect. Results with the 0. electrode indica- 
ted that both NaHCO3 and NaCl were inhibitors of 0, uptake by submito- 
chondrial particles. 

Submitochondrial particles were also found to catalyse an ATP-Pi 
exchange reaction (Table 16). I found that exchange rates with 4 mM 


Pi and 1 mM ATP were increased by the addition of either 1 mM ADP or 


NADH. 


E. Discussion 


Submitochondrial particles with properties similar to those report- 
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Table 16. ATP-°?Pi exchange by pea cotyledon submitochondrial 
particles. 


Assay was done as described for ATP synthesis (Table 13) except 
that assay medium contained 2 mM ATP, and ADP or NADH were only 
present where noted. , 


ATP-32Pi Exchange 

_ (units/mg protein) 
Conditions no ADP 2 mM ADP 
Saree Pee eee renee eee ie eee a 


No substrate 02011 O.02Z1 


1 mM NADH 0.040 0.075 
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ed here have been prepared from plant mitochondria by several workers. 
Wilson and Bonner (1970a) used osmotic shock to prepare mung bean sub- 
mitochondrial particles that showed NADH and succinate oxidation rates 
similar to those reported here. The submitochondrial particles also 
catalysed energy-linked reactions (ATP-driven reverse electron transport 
and NADH-NADP transhydrogenase) (Wilson and Bonner, 1970b) but oxidative 
phosphorylation was not reported. Mung bean submitochondrial particles 
prepared by sonication (Beyer et al., 1968) were also shown to catalyse 
NADH and succinate Oxidase on. Passam and Palmer (1971) have found that 
submitochondrial particles from sonicated Jerusalem artichoke mitochon- 
dria were capable of phosphorylating ADP at rates of 0.1 unit/mg protein 
with NADH as eeeeaeet A rate of 0.029 unit/mg protein was observed 
with succinate as substrate. 

By using inhibitors I was able to show that the reactions we were 
studying were those of oxidative phosphorylation: an electron transport 
inhibitor (KCN), an uncoupler (CCCP) and an ATPase-ATP synthetase inhibi- 
tor (oligomycin), were each individually able to completely inhibit the 
uptake of 32pi into organic phosphate esters. Throughout the remainder 
of the experiments the use of blanks containing oligomycin insured that 
no other Pi esterifying system was interfering, while the addition of 
excess hexokinase kept ATPase interference to a minimum. 

A series of experiments with atractyloside showed that the pea 
submitochondrial particles were inaboad Re aevoue) and thus not kineti- 
cally governed by ete nee Whyte To insure the pea ADP transport-— 
er was not insensitive to atractyloside I also performed the experiments 
with whole mitochondria in Tables 12 and 13, which showed clear inhibi- 


tions of 05 uptake and phosphorylation. The experiments with mersalyl 
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were thus somewhat surprising, as this compound is an inhibitor of Pi 
transport and direct effects on oxidative phosphorylation have not been 
observed (De Santis et al., 1975; Wiskich, 1977). However, the ATPase 
activity of pea submitochondrial particles, which does not require Pi 
transport, was also completely stopped by mersalyl, and Chapter III 
Showed that the soluble ATPase of peas was inhibited by the sulfhydryl 
blocking compound. PCMBS. It is known that the coupling factor CF, 

of chloroplasts is poisoned by sulfhydryl agents when the enzyme is in 
its energized state (see Schmid et al., 1977). 

Storage of submitochondrial particles has been shown by several 
workers to result in a slow loss of oxidative phosphorylation (Passam 
and Palmer, 1971) fn energy-linked functions (Wilson and Bonner, 1970b). 
In work with the ATPase activity of pea submitochondrial particles, I 
found that it is very stable toward prolonged storage time in 0.25 M 
sucrose at -40 C. Thus the loss of phosphorylating ability with time 
may be attributed to a parallel loss of membrane integrity leading to 
uncoupling. 

The kinetics of oxidative phosphorylation were somewhat surprising, 
since the pea submitochondrial particles appear to have much stronger 
affinity for Pi than do any of the reported animal preparations. For 
example, Bygrave and Lehninger (1967), who investigated the Pi kinetics 
of intact and broken rat liver mitochondria, found that the concentra- 
tion of Pi required for 1/2 maximal velocity increased from 0.25 mM for 
whole mitochondria, to 3.0 mM and 6.0 mM with digitonin-treated and 
sonicated mitochondria, respectively. Similarly, Schatz and Racker 
(1966) found Km values of 1-6 mM Pi, with Km inversely proportional to 


the rate of respiration. Schuster et al. (1977), although not report- 


ee one, One 
is wy ce Wea Win, 
| AL), ; ae aa ies 


’ es A : * 7" - Wek yar . 
RY Yu sopididel om var wpa, hts *s , 


a) ear 7 wi n bah 
ased jon svat wohsaly >in avivebins. a : t aes iis 
anelTA sit ,tovewnl CON ste a, wake. sf. 42 siioné or 

if wriuyet son waob dol ‘tae pen tokanan. Antehaentpe staciie 89g. Sein - 
[y setqed? bos ,lyleeron ud. baggoge tnystencs. Teale aa F 
‘bynlise od2 y¢ bet ididet aew Bag te anh vidutow oft sais 

a gabiques: ofi sadks Aeron =. at. tne bu capne 
ei ak sated acid tory ernege Syatyli Loe, “a bane tog ek sss nora, fe a 
‘ | CNOE ste sa by bendy? ave) aaa7e bevignens a 
la seean Yd owode. nsed eas Be vague, fa Ft doe. 5) bor: Ia enon, ae 


he 7 


aeneY) sottaivaedqeadq ov Lieb eeo 20 ¢eQt wale a wi + vee? ot w 
Co! weaeod bas coal Bi) nocd eat havett rs an INES phates om 
i ,salobiyvey [ainboaodaglisdve @ey Fos ERAS es pana cas faty hoa “a 4 


4 cS.0 of ames IAs TOT, & sare) Gg Eps wyt eal tow =2 7 (eae bine 


mh Hipiw ya thiae gett ate: degandigy to anol aes aut a Dice! 6 


93 patbes: (aisyeigl sees ae hy mie wet fa: toy, & 5S Beswgatang, atx 
' : et) Wee tomy eee oy — 


1 yA 


i ' 


gotakiqyvuy sadwoivaa sisiy akan cteiaerts avdrehiec % a bial ot, - oe 


ee 


4 

ispeatge; down aves a4 “ae afotinsc if naqbivopsatindion eae ast sate a 
at 

wi _«@teksene san Lawkinn busiedge eet 3a YR ob cada 24 x0, pet i, 


a aie, 
ant ere BU svit bo3% og tapawn ode cal | aes). spepnies bine. evangull |< ‘ eh . 


9 oval wax sadord bam seit coe | 
t0) Me 28.0 aoe? beensroint saseaileg Lada ee 10%, bat hepa, Ma ay i 
bus Dita tain niatt ‘Aaa ie 0.8 bos. ai Bf 3 seperate 


wate bps sjedo2 Aral eee ue sonaoon naar apa a 


og inact sees" oa wk pa itanw raed ve eauley os Meaeeiiad’ 
LG ee in lait 


“t sIngoeeD:. walt ancl? bei? spit | 


4 


' ; i 


Ned re I we } : Tt 
h A nl : f , @ ay aw in : 


114 


ing a Km value, show data indicating a Km for Pi of over 10 mM for beef 
heart submitochondrial particles. My own experiment indicated a Km 
of over 2 mM with rat liver submitochondrial particles. It thus appears 
that pea submitochondrial particles have an intrinsically higher affinity 
for Pi than do mammalian preparations. Whether this is a basic property 
of the pea enzyme system, or indicates that the phosphorylation system 
of mammalian submitochondrial particles is more easily damaged by sonica- 
tion is not clear. In addition, the work of Schuster et al. (1977) 
indicated strong positive cooperativity towards Pi as a substrate with 
most pronounced cooperativity observed at 10-50 uM ADP. When I perf- 
ormed experiments at 50 uM ADP with pea subnitechoudrial particles, plots 
were still linear. | 

ADP kinetics of pea submitochondrial particles showed strong nega- 
tive cooperativity, with Km values of 10 and 100 uM. With mammalian 
submitochondrial particles a wide range of values have been reported. 
With sonicated rat liver mitochondria, Bygrave and Lehninger (1967) 
found a Km for ADP of 300 uM, although Lineweaver-Burke plots were not 
shown, and the data of Schuster et al. (1977) suggest a Km of below 30 
uM (at 10 mM Pi) for beef heart submitochondrial particles, with linear, 
non-cooperative kinetics. Catterall and Pedersen (1972) found a Km of 
3.8 uM for phosphorylation of ADP by "inner membrane vesicles" prepared 
by digitonin treatment of rat liver mitochondria. No cooperativity was 
noted. 

During my experiments I was interested in trying to discover what 
factors regulated the rate of oxidative phosphorylation. Several factors 
were definitely ruled out: Concentrations of ADP, Pi, and electron 


transport substrates were well above Km values, and since the submit- 
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chondrial particles were determined to be inside-out, substrate transport 
was also not limiting. Since 0, uptake was stimulated considerably by 
uncoupler, I judged that under normal assay conditions (fresh submitochon- 
drial particles, NADH as substrate) 0, uptake must be limited by the rate 
at which the high-energy state can be dissipated. Since in conditions 

of phosphorylation (ADP present) the dissipation of the high-energy state 
is through ATP synthesis, I concluded that the ATP-synthetase reaction is 
normally rate-limiting in pea submitochondrial particles. 

The pH curves for 0, uptake, oxidative phosphorylation, and ATPase 
attempted to explore the relationship, if any, among these reactions. 
Interpretation of the results was not clear, however. The 05 uptake 
showed a maximum at pH 7.6, which was also the maximum for ATP synthesis. 
The P/O ratios, however, indicated that oxidative phosphorylation was 
most efficient at pH 7.2. There appeared to be no relationship between 
ATP synthesis and ATPase rates in this case, since ATPase activity was 
highest at pH 8.0. However, lowered ATP synthesis at this pH could be 


a result of poor 0, consumption, since P/O ratios stayed the same. 


4 
The experiments with NaCl and NaHCO, attempted to determine if 
control mechanisms of the ATPase also apply to the ATP synthesis reaction 

catalysed by the same enzyme. The ee uene could be successful only 
if the ATP synthesis reaction, and not substrate oxidation, was rate - 
limiting. The stimulatory effect of uncoupler on NADH oxidation in the 
presence of ADP indicates that state III respiration is normally limited 
by ATP formation. The actual effect of the salts on ATP formation 
however, was inhibitory, not seieiarore as with ATPase. It is doubt- 
ful whether this represents a direct effect on the ATP synthesis system, 


or more likely, is the result of the inhibition of substrate oxidation. 
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High ionic strength (I>0.1) has been shown to inhibit pea cotyledon 
cytochrome oxidase (Bomhoff and Spencer, 1977), and similar effects 

of NaCl and NaHCO; on mitochondrial substrate oxidation have been noted 
(Bendall et al., 1960; Miller and Hsu, 2965) 2 J fEats interesting, how- 
ever, that with HCO, the inhibition of ATP synthesis was slight compared 
to the effect on 0. uptake, resulting in an increase in P/O ratios. 

The ATP-°2p4 exchange reaction proceeded at a rate well below that 
of oxidative Phosphorylation. At least three factors could be rate- 
limiting with this reaction: interference by ATPase, low membrane pot- 
ential, and low levels of ADP. It is hard to judge how much, if any , 
interference is caused by the hydrolysis of the radioactive ATP formed 
by the reaction. Assuming that radioactive ATP is an equilibrium ir 
the medium ATP, the very small amounts of radioactive ATP formed’ (1-62 
of the amount of ATP added) would make interference by hydrolysis insig- 
nificant. That low membrane potential and lack of available ADP for the 
phosphorylative portion of the exchange might be limiting is suggested 


by the finding that addition of either oxidizable substrate (NADH) or 


ADP increased exchange rates considerably. 
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CHAPTER VII 


PURIFICATION, SUBUNIT STRUCTURE AND KINETICS OF 
HIGHLY PURIFIED PEA F,-ATPase © 
th eae RS aS AE A aa LL a ek Sn 


A. Preliminary Attempts at Purification 


To devise a more rigorous purification method, I investigated a 
number of possible steps. I found that the optimum sonication-time 
was 5 min. With shorter periods, little of the enzyme was solubilized, 
as judged by oligomycin sensitivity, while with longer sonication times 
there was a gradual loss of activity. Temperature during sonication 
was also important: below 45°C, I found that little of the enzyme was 
solubilized in a 5 min sonication, while at temperatures above 52°C 
activity was quickly lost. Activity of the soluble fraction was higher 
after sonication at pH 7.0 rather than 7.4 (the pH of the medium for 
DEAE chromatography). In order to obtain the most active soluble prep- 
aration I also tried age-activating the submitochondrial particles for 
4 hr at 30°C before sonication. This resulted in lower ATPase activity 
in the soluble fraction however, and the activation step was abandoned. 

After removal of the membrane fraction by centrifugation at 100,000 
x g for 90 min, several different methods were tried for further purifi- 
cation. The pH 5.4 isoelectric precipitation step used previously was 
found to produce almost no precipitate when submitochondrial particles 
were the starting material, so this step was not used. I tried perform- 
ing precipitation with (NH,)5S0, directly on the supernatant layer after 
the high speed cenerdrapation step. I found, however, that precipita- 


tion with 60% (NH,)5S0, followed by centrifugation at 20,000 x g for 
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10 min gave rise to a pellet which disintegrated easily and floated in 
the solution. It was not possible to solubilize the pellet and over 
90% of the ATPase activity was lost. Following the finding that the 


enzyme would bind to DEAE cellulose, the following method was developed. 
B. Method 


A typical protocol for the purification method is given in Table 
17. 

Submitochondrial particles that had been stored at -20°C in 10 ml 
of 0.25 M sucrose were thawed in 50 ml of "DEAE buffer" (0.15 M sucrose, 
20 mM tris, 2 mM ATP and 2'mM EDTA, brought to pH 7.4 at 20°C with 
H»S0O,)- The pH was then adjusted to 7.0 with 2 MH 2S0,. The 100 mi 
beater containing the preparation was placed in a small water bath at 
40°C and allowed to equilibrate for several minutes. The full-size tip 
of the sonicator apparatus was also heated to 40°C in the water bath. 
Sonication was then sn Ue out at full power on the Artek Sonic Dismem- 
brator (Model 300) in the 40°C water bath, and the temperature of the 
sonicate was monitored. When the temperature reached 47°C (approximately 
30 sec) timing was started and sonication continued for 5 min. The 
temperature was kept at 47-50°C by adding ice cautiously to the bath. 

After sonication, the hia, (Obs was immediately placed in 10 ml 
centrifuge tubes and centrifuged for 90 min at 100,000 x g, with the 
rotor temperature held at 22°C. 

While the sonicate was being centrifuged a 1.5 x 20 cm column of 
DEAE cellulose was prepared. Twenty g of Whatman pre-swollen DE-52 
microcrystalline cellulose was added to 100 ml of DEAE buffer. The 


suspension, in an Erlenmeyer flask, was deaerated for 2-3 min under 
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aspirator vacuum. The pH of the cellulose was then adjusted to 7.4 
using 2 M H2SO, and the cellulose was slowly poured into a glass column. 
The colum was then washed with 50 ml of DEAE buffer at a flow rate of 
1 ml/min using a peristaltic pump. 

The yellow supernatant layer from the centrifugation step (the 
intensity of the yellow color varied considerably between batches, but 
this appeared to be unrelated to ATPase activity) was brought to pH 136 
with 2 M tris. The supernatant layer gradually lost ATPase activity so 
it was quickly pumped onto the column at 2 ml/min, where it formed a 
pronounced yellow layer 1-2 cm thick. The column was washed using 50 
ml of DEAE buffer, pumped at 1 ml/min. Elution was carried out using a 
200 ml linear gradient of 0-0.2 M K,SO, in DEAE buffer. A flowrate of 
0.5-0.8 ml/min was used. Fractions of 2 ml were collected and protein 
content and ATPase activity were monitored (Fig. 14). Three major 
peaks emerged, with all ATPase activity in the middle peak (no ATPase 
activity was detectable in the effluents during sample application or 
column washing). Extending the gradient up to 0.3 M KoS0O, produced no 
additional protein peaks. If 1M NaCl was then pumped through the col- 
umn a sharp protein peak with no ATPase activity emerged. The yellow 
color remained on the column after the 1 M NaCl wash. 

All fractions containing 30% or more of the ATPase activity of the 
most active fraction were pooled and solid (NH,,).S0, was added to 60% 
of saturation and mixed slowly until dissolved. After 10-15 min at 
room temperature the cloudy solution was centrifuged for 15 min at 
30,000 x g- The pellet layer; which contained all ATPase activity, was 
dissolved in 1 ml of DEAE buffer and solid (NHi,) 9S0, was again added 


to 60% of saturation. The suspension was divided into 0.1 ml portions 
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in plastic centrifuge tubes and frozen at -20°C. Before an assay, a 
tube was thawed at 37°C, centrifuged 7 min at 20,000 x g and the pellet 
was dissolved in 1-3 ml of DEAE buffer. The enzyme activity of the 
frozen precipitate was stable for about a month, pyen activity began 

to decline. 

The enzyme preparation obtained had a specific activity of 12 units/ 
mg protein using the ATPase assay with no regenerating system. Activity 
was increased to 18-20 units/mg by inclusion of the ATP regenerating 
system described in Chapter II. The enzyme was cold-labile and oligomy- 


cin-insensitive (not shown). 


C. Enzyme Purity 


Using gel electrophoresis, I found that the enzyme preparation was 
over 90% pure (Fig. 15A). When I tested for ATPase activity, using the 
specific staining method of Horak (1972), all activity was found in the 
same location as the major protein band (not shown). The gels stained 
for protein appeared to contain two contaminating protein bands: a 
slowly moving component which barely entered the 5% acrylamide gels, and 
a faster moving very diffuse band. A 10 min cold treatment (0°C) before 
electrophoresis (at 0-5°C) intensified the fast-moving band (Fig. 15B), 
in agreement with the results of Knowles and Penefsky (1972a) with 


beef heart F,-ATPase. 


D. Subunit Composition 


On SDS gels (10% acrylamide) the enzyme gave rise to one major 
protein band (Mol. wt=58,000) and three visible minor bands (Mol. wt= 


65,000, 36,000 and 22,000) (Fig. 15A). Since some workers have found 
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Table 17. Purification of soluble pea mitochondrial ATPase. 


Purification steps are described in the text. The non-regenerating 
ATPase assay described in Table 1 was used. 


ATPase Activity 


Material Protein (mg) Total units Units/mg Protein 
Submitochondrial particles 80 sh 0.04 
Whole sonicate 80 ee 0.45 
Pellet after centrifugation 64 4.5 0.07 
Supernatant leeras 16.5 215 1.30 

DEAE Bee tient 5 1520 10.0 

First (NH,)2S0, precipitate 2 1 Look 

Second (NH) 2S0, prectyieate’ 0.7 8.4 12.0 

is 


ATPase activity was not inhibited by oligomycin. The ATPase activity 
of the pellet layer was 60% inhibited by 1 ug of oligomycin. 


Fractions containing 30% or more of the activity of the peak fraction 
were pooled for this determination. 


Vmax in the ATP-regenerating assay of Fig. 17 was 18.0 units/mg protein. 
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Figure 15. 


Gel electrophoresis of soluble pea F,-ATPase. 5% acrylamide 
gels contained ATPase assay medium. Assay medium was also 
used for sample and electrode buffer. Gels were run for 

90 min at 4 mA/tube. In A, 50 ug of ATPase protein was 
applied, and gels were run at 25°C. In B, 50 a of ATPase 
protein was applied after a 10 min incubation at 0°C. Gels 
were run at 0-5°C for 90 min at 4 mA/tube. Staining was 


done with Coomassie blue R-250 as described in Methods. 
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that SDS gels fail to resolve the © and 8 subunits well (Knowles and 
Penefsky, 1972a; Yoshida et al., 1977), I also tried the 8 M urea system 
employed by Knowles and Penefsky (1972a), which they found gave rise 

to a slow band composed of © and y subunits, and a faster band of 8 sub- 
units. Fig. 16B shows that urea gels of the pea enzyme contained two 
major protein bands in et aprox (mane positions noted by Knowles and 
Penefsky (1972a) and by Yoshida et al. (1977). The proportion of stain 
was greater in the faster band. In addition, urea gels contained a 
third: more slowly migrating band. At high protein concentrations 

the protein precipated on the gel surface. 

SDS gels of submitochondrial particles (Fig. 16C) gave rise to 
numerous bands, one of which appeared to coincide with the major band 
noted with the pure enzyme. Urea gels of submitochondrial particles 
failed, as all protein precipitated on the gel surface. 

I tried several times to test for homogeneity and measure the 
molecular weight of the enzyme by chromatography on a column of 10% 
agarose gel (Bio-gel A-0.5 m) using the DEAE medium. This technique 
failed, however, as no enzyme activity was recovered in the column 


effluent. 


E. Kinetics of the ATPase Reaction 


The kinetics of the purified ATPase were examined using the ATP 
regenerating system described in Chapter II. Activities of the pure 
enzyme measured in this system were consistently about 50% higher than 
in the non-regenerating assay buffer, even though assays in both systems 
were linear with respect to time course. 


Fig. 17 shows typical Lineweaver-Burke plots obtained with the pure 
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Figure 16. 


Gel electrophoresis of soluble pea F,-ATPase in dissociating 
systems. In A and C, 10% acrylamide gels contained 1% SDS. 
Protein samples were treated with SDS and mercaptoethanol 

and gels were’ run as described by Webas and Osborn (1969, 
see Methods). In B, 5% acrylamide gels containing 8 M urea 
were run as described by Knowles and Penefsky (1972a, see 
Methods). In A, 10 and 50 ie of ATPase protein was applied. 
ine. 20 ng ATPase protein was applied. In C, 100 ug of 
submitochondrial particles was applied. All gels were stainex 


with coomassie blue R-250. 
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enzyme. Kinetic parameters are summarized in Table 18. It can be seen 
that the enzyme displays pronounced negative cooperativity. However, 
data points above 0.2 mM Mg-ATP fell on a straight line with a Km of 

0.17 mM and a Vmax of 17.8 units/mg protein. Fig. 17 also shows that 
either 100 mM NaCl or 20 mM NaHCO3 increased Vmax dramatically, but had 
little effect on the curvature of the Lineweaver-Burke plots, in contrast 
to the results reported by other workers (Ebel and Lardy, 1975; Pedersen, 
1976). In the presence of 100 mM NaCl the Km for Mg-ATP rose to 0.31 m™, 
while with 20 mM NaHCO3, the Km was 0.20 mM. 

When Mg-GTP was used as substrate Vmax was 118 units/mg protein. 

The Km for Mg-GIP was 1.3 mM, and negative cooperativity was observed. 

I also examined the kinetics of Mg-ATP hydrolysis by submitochondrial 
particles. Fig. 18 (and Table 18) shows that the Km for the ATPase 
reaction was 0.07 mM. Curvature of the Lineweaver-Burke plots was much 
less than that noted with the eolubile enzyme. Fig. 18 also shows that 
aging the submitochondrial particles for 5 hr at 30°C resulted in a 5- 
fold enhancement of Vmax in this case, but there was no change in the 
Km toward Mg-ATP. Table 18 also shows that 100 mM NaCl or 30 mM NaHCO3 
both raised the Km of the enzyme slightly, while increasing Vmax. 


With Meg-GIP the Km was 0.29 mM. 


F. Discussion 


The purification method described in this chapter was a considerable 
improvement over that used previously, as judged by the purity and spe- 


cific activity of the final preparation. 


The identity of the two contaminating protein bands could not be 


established; however several findings provide evidence that they are 
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related to the main peak. When I tried precipitating all fractions 
along the ATPase peak after DEAE chromatography, I found that the 
proportion of protein in each of eneatiande remained the same, indica- 
ting that all three proteins co-chromatograph on DEAE cellulose. Cold 
treatment of the enzyme before electrophoresis appeared to increase the 
amount of protein in the faster moving band, although this was difficult 
to judge. This may indicate the the fast band was a dissociated subunit. 
The diffuse nature of the fast band may also indicate that it was diss- 
Ociating from the main band during the electrophoresis run. When the 
pea enzyme was electrophoresed with the pH 9.5 tris-glycine electrode 
‘ee of Davis (1964) both the fast and slow bands were present in lar- 
ger quantities. While it is not possible to conclude that the enzyme is 
homogenous, it does seem likely that the impurities are a dimer or 
multimer of the main band, and a dissociated subunit. 

Many other workers have reported that electrophoresis of pure Le 
ATPases gives rise to more than a single band. Knowles and Penefsky 
(1972a) noted that pure F,-ATPase of beef heart gave one pronounced 
protein band, but a faster moving band was often present and increased 
in intensity when the ATPase was electrophoresed at 5°C. Warshaw et 
al. (1968) found their preparations of pure "factor A" (a latent F)- 
ATPase) gave rise to several bands when electrophoresed at pH 9.5, but 
a single band when run at a lower pH. Azocar and Munoz (1977) found 
that the solubilized F,-ATPase of E. coli k/2 was unstable in a variety 
of electrophoresis systems, and purity could only be demonstrated in 
one buffer system. 


F,-ATPases from many sources have been shown to have five types of 


subunits (here referred to as a, Bsy , 6, and €). This has been found 
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with bacteria (e.g. Yoshida et al., 1977), yeast Mutochondeia 
(Tzagoloff and Meager, 1971), beef heart mitochondria (Knowles and 
Penefsky, 1972a) and chloroplasts (Nelson, 1976). In mammalian F)- 
ATPases the subunit stoichiometry is probably a383ydée, judged by mole- 
cular weight and stain intensity in SDS gels (Catterall and Pedersen, 
1971). The two largest subunits, a and 8 (Mol. wt 54,000 and 49,000 
from beef heart mitochondria (Knowles and Penefsky, 1972a, b) and 

62,500 and 57,000 from rat liver (Catterall and Pedersen, 1971)), are 
often not clearly resolved on SDS gels (Knowles and Penefsky, 1972a; 
Senior and Brooks , 1971; Yoshida et al., 1977). They are, however, 
well resolved on 5% acrylamide gels containing 8 M urea (Knowles and 
Penefsky, 1972a; Yoshida et al., 1977). The minor subunits (y, mol. wt= 
33,000; 5, mol. wt=16,000; €, mol. wt=5,850 (Knowles and Penefsky, 1972a, 
b)) are well resolved on SDS gels. Subunit Y co-electrophoresed with 

Oo on 8 M urea gels (Knowles and Penefsky, 1972a, b). 

The results with the pea enzyme indicated a similar subunit struc- 
ture, with one major band (mol. wt=58,000) which probably contains both 
® and 8 subunits. That there are two distinct polypeptides in this 
major band was shown by electrophoresis in 8 M urea, where two major 
bands were visible. SDS gels also showed two less intensely staining 
protein bands (mol. wt=36,000, mol. wt=22,000) that roughly corresponded 
to weights reported for y and Ssubunits (Knowles and Penefsky, 19/72a, 
b). The other faint band visible on SDS gels corresponded to molecular 
mieten of 65,000. The significance of this band is not known. The band 
appears to be present as a major component on SDS gels of submitochon- 
dear panti cee? and is thus possibly a contaminant of the soluble enzyme. 


On very heavily loaded gels (200 ug protein) a diffuse band was noted at 
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a mobility faster than that of cytochrome c (mol. wt=11,700). This may 
have been subunit ¢€; however the gels were too heavily stained to be 
reliable. 

The kinetics of Mg-ATP hydrolysis by the pure enzyme were similar 
to those ef rat-liver and beef heart F,-ATPases. Negative cooperativity 
has been reported for these enzymes by Ebel and Lardy (1975), Schuster 
et al. (1976) and by Pedersen (1976). Those authors found, however, 
that negative cooperativity was relieved by those anions which also 
increased Viva of the ATPase activity. This is in contrast to the re- 
sults with the pea enzyme, which showed that Cl. and HCO, did not remove 
the curvature of Lineweaver-Burke plots. This raises the interesting 
possibility that anion effects on Vmax and cooperativity noted with 
mammalian F,-ATPases may be separate phenomena, although Ebel and Lardy 
(1975), in a rather complete survey of anions as effectors of the Fy- 
ATPase of rat liver, did not report any anions that increased Vmax but 
had no effect on cooperativity. 

Results of the kinetic studies on ATPase activity of the pure enzyme 
failed to disclose any major difference between HCO, and Cl as stimula- 
tory anions. Both appear to exert their major effect on Vmax, while 
slightly increasing Km. It is likely therefore, that they have their 
stimulatory effect on catalysis rather than on substrate binding. This 
is discussed further in the next chapter. 

Using the ATP-regenerating assay I was also able to investigate 
the kinetics of the ATPase activity of submitochondrial particles. In 
agreement with literature on mammalian F,-ATPases (Hammes and Hilborn, 


1971; Ebel and Lardy, 1975; Pedersen, 1976), the membrane-bound enzyme 


had a significantly lower Km for Mg-ATP than did the pure enzyme (0.07 
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mM, compared to 0.17 mM for the soluble enzyme) and less curvature in 
the Lineweaver-Burke plots. In common with the soluble enzyme, the major 
effect of anions was on Vmax: no major change in Km values was noted. 

I was also able to show (Fig. 18) that the aging-activation discussed 

in Chapter V appeared kinetically to be relief of a non-competitive 
inhibition (Vmax increased, while Km remained constant). Van de Stadt 
et al. (1973) have shown that the ATPase inhibitor polypeptide is a non- 
competitive inhibitor versus Mg-ATP. This helps to confirm the hypo- 
thesis of Chapter V that art una enti Dai represents release of inhibi- 


tor. 
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CHAPTER VIII 


CONCLUSIONS AND A PERSPECTIVE 


A. Similarities to Other F1-ATPases 


This study represents the first detailed characterization of the 
F ,-ATPase comptes from mitochondria of a higher plant. The picture of 
the ATPase complex that emerges is one that is similar in many respects 
to that of mammalian mitochondrial F,-ATPases. Similarities were first 
shown to occur in cold lability, a rare property among enzymes, but 
found with all soluble mitochondrial F,-ATPases (Penefsky, 1974). I 
was also able to show similarities in the broad purine substrate specif- 
icity of the soluble enzyme, in the anion stimulations and their ATP 
specificity (Ebel and Lardy, 1975; Pedersen, 1976) and in sensitivity to 
inhibitors such as NaN3, ADP, and NaF (Pullman et al., 1960). With 
subnitochondrial particles I was able to demonstrate that both ATPase 
andATP Synthesisaresensitive to oligomycin, a feature of all mitochon- 
drial F,-ATPases bound to their native site on the cristal membrane. ~ 
Freshly prepared submitochondrial particles also appeared to possess an 
ATPase inhibitor polypeptide, similar to that of beef heart F —-ATPase 
(Horstman and Racker, 1970; Pullman and Monroy, 1963). The particles 
were able to catalyse oxidative phosphorylation that was typical in its 
sensitivity to inhibitors of electron transport, energy coupling, and 
ADP phosphorylation. A more highly purified preparation of the soluble 
enzyme showed subunit structure similar to that of F,-ATPases on SDS 
gels, except that there was no resolution of 0 and § subunits. These 


appeared to be resolved, however, on the urea gel system of Knowles and 
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Penefsky (1972a), indicating a subunit structure typical of mitochondrial 
F)-ATPases (Pedersen, 1975). Similarly, the kinetics of the soluble 
enzyme indicated negative cooperativity similar to that observed for 
rat liver F|-ATPase by Ebel and Lardy (1975) and Pedersen (1976). 

It is not unexpected that there should be so many similarities 
between pea and mammalian F,-ATPases, since the enzyme is basic to 
energy metabolism and is already known to be similar among bacteria 
(Abrams and Smith, 1974; Yoshida et al., 1977), yeast and mammalian mito- 
chondria (Penefsky, 1974), and chilorep Lives of higher plants (Nelson, 
1976). Some of the unique features of the pea F,-ATPase (high Ca-ATPase, 
sensitivity to PCMBS, and stimulation by Cl ion) will be discussed later 


as they relate to future research. 


B. Soluble and Membrane-bound Forms of the Enzyme 


Each of the two different forms of the F,-ATPase (soluble and 
membrane-bound) dealt with in my work has some validity in the study of 
the energy coupling system of pea mitochondria. The soluble form has 
as its main advantage the fact that it can be relatively easily purified 
away from all contaminating activities that could give misleading res- 
ults. The membrane-bound system (submitochondrial particles), on the 
other hand, allows the study of the modification or control of catalytic 
activity that might occur through interaction with other membrane compo- 
nents or energization of the membrane. Each system also has a major 
drawback, however: the particulate system is impure and the soluble 
enzyme exhibits some properties that may be a product of solubilization. 

With the pea enzyme, like those from mammals, the catalytic acti- 


vities of the enzyme were definitely altered by solubilization. I found 
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that sensitivities to ADP, aetna boy anions, and NaN3 were all reduced 
with the membrane-bound enzyme, as was the amount of Ca-ATPase activity, 
the relative GIPase activity, the Km values for nucleotides, and the 
curvature of Lineweaver-Burke plots. These results are similar to those 
reported with the rat liver F,—-ATPase complex (Ebel and Mandy, #975; 
Pedersen, 1976). The cold lability of the soluble preparation also 
represents an alteration in properties from the membrane-bound enzyme. 
The likeliest explanation for these results is that membrane binding . 
in some way alters the conformation of the F) molecule or modifies 
conformational changes that may occur on catalysis or effector binding. 
This modification would most likely be a restriction of conformational 
changes in the membrane-bound enzyme form. This would explain, foe 
example ,jhow anions that are very stimulatory with the soluble form of 
the sire have less effect with the membrane-bound form. Similarly, 
cold lability which has been shown to proceed by way of an initial 
an reer tee change (Rosing et al., 1975), may be lessened when the 
conformation of the enzyme is restrained. 

Future research on the pea enzyme will thus have to be based on the 
fact that neither of the systems currently available (the soluble enzyme 
and the submitochondrial particles) gives a completely reliable picture 
of the enzyme. Only by continuing to work with both preparations or 
attempting to purify the oligomycin-sensitive ATPase with all its 
associated membrane proteins (Soper and Pedersen, 1976; Serrano 


et al., 1976) can a complete knowledge of the enzyme be obtained. 


GC. Control of the ATPase 


YEE SS Se 


Of the control mechanisms discussed in Chapter I, two were directly 
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addressed in my work: control oueHe inhibitor polypeptide and kinetic 
control by anions. Clearly, control by the inhibitor polypeptide is the 
more important of the two with the membrane-bound enzyme. The freshly 
isolated submitochondrial particles had very low ATPase activity unless 
they were exposed to treatments that removed or destroyed the inhibitor. 
In isolated mitochondria under state IV conditions (no ADP present) it is 
likely the presence of the inhibitor which prevents ATP hydrolysis. The 
high internal ATP level would favor the maintenance of the inhibition, 
in the same way it inhibits the aging response with submitochondrial 
particles. In the case where unavailability of oxidizable substrate was 
limiting oxidative phosphorylation, and both ADP and ATP were present, the 
interaction between the inhibitor and the ATPase might gradually weaken 
(the ATPase would become activated), but inhibition of the pa ae reaction 
might then occur by the ADP inhibition and unavailability of ATP that 
would be imposed by the adenine nucleotide translocator. While further 
work on the control of ATPase in intact mitochondria would be of interest, 
the complexity of the control Jeannie design of rigorous ee eee 
difficult. It is also difficult to design further experiments on the 
role of the inhibitor polypeptide, since I was unable to develop any 
system in which activated submitochondrial particles could be inhibited. 
It is possible, however, that the highly purified enzyme might be more 
sensitive or reactive toward inhibitor and could be used as an assay 
system. This would allow for purification of the inhibitor and further 
studies on its status in aging, and in oxidative phosphorylation. 

A question that was approached, but not answered, in my work was 
the mechanism of the kinetic control by anions. Two mechanisms were 


definitely discarded: studies with fresh, aged, and trypsin-treated 
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submitochondrial particles indicated anion stimulations were not com- 
pletely an artifact of solubilization, and were also not likely a res- 
ult of inhibitor dissociation. After discarding these possibilities, 
several hypotheses remain that require a direct interaction of anions 
with the enzyme: anions could directly assist catalysis at the catalytic 
site, they could cause a conformational change that increases a number 
of catalytic sites, or they could cause a conformational change that in 
turn assists catalysis. 

The first possibility, a direct role in assisting catalysis, does 
not seem to explain why the ATPase of submitochondrial particles is less 
stimulated by anions than the soluble enzyme, although if the shape of 
the catalytic site was altered during solubilization an anion require- 
ment might be developed. In addition, however, it seems difficult to 
imagine a catalytic step in which such a variety of sizes, shapes, and 
charges of anions could participate. This is less of a problem with the 
rat liver F,-ATPase preparation of Ebel and Lardy (1975) where areond 
deal of specificity was shown toward oxyanions Saysvite certain shapes. 
The fact that with the pea enzyme only ATPase, and not GIPase, was stimu- 
lated by anions also argues against participation at the catalytic site, 
since the hydrolytic mechanism should be similar for the two substrates, 
and interaction of the anions with the purine base portion of the nucleo- 
tide would seem unlikely to change Vmax. 

Either of the other two mechanisms would work if there was a regula- 
tory ghee binding site on the enzyme. Binding of a stimulatory anion 
could cause a conformational change that could in turn make available 


a previously blocked catalytic site, or increase Vmax at a catalytic 
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site that was previously available. Either of these two mechanisms 
would result in a stimulation of the observed Vmax. Km effects could 
not be predicted. It is not clear how either of these two hypotheses 
could be verified, however. An interesting first step would be to meas- 
ure anion binding, and to determine whether the anion binding constants 
compare to the Ka values for activation of Vmax. An easy technique for 
studying ligand binding has been recently developed (Penefsky, 1977) 
and used to measure phosphate binding to the beef heart enzyme. 

The idea of eerie a blocked catalytic site agrees well with the 
abolition of negative cooperativity noted during anion stimulations by 
Ebel and Lardy (1975) and Pedersen (1976). It is relatively easy to 
imagine the F,-ATPase as having three copies of a catalytic Site.  .aub— 
strate binding to one site might make the other two less available, and 
anion binding might release this cooperativity. In a closely related 
mechanism, an ATP-binding allosteric site might be inducing cooperativity 
which anion binding might release. If GIP could not bind at this regula- 
tory site it would not induce coooperativity and thus anions would have 
no effect on GlPase. This hypothesis, in either of its two versions, 
does not completely fit my data, however, since the anion stimulations 
could not be explained as release of cooperativity and Vmax stimulations 


of 4.5-fold would require a large number of catalytic sites. A third 


version of the blocked-site hypothesis could be put forward in which each © 


catalytic site has a separate regulatory site through which it can be 
activated. by some anions and inactivated by other anions or compounds. 
In other words, anions would control the mS ict ae active to inactive 
sites. This idea of active and inactive states has been proposed by 


Moyle and Mitchell (1975), while the idea of each catalytic site having 
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a separate anion-binding regulatory site was brought forward by Reckten- 
wald and Hess (1977). If one accepts the latter authors’ idea that the 
regulatory site also binds ATP then cooperativity in kinetics can be 
explained as allostery. It is not clear in this version, however, why 

a certain proportion of sites is not active without stimulatory anions 
being present, and why this proportion should be repeatable among enzyme 
batches. 

An anion-induced conformational change that stimulates Vmax at a 
previously available catalytic site could be developed from the same 
assumptions as the last discussed hypothesis. If each catalytic site 
had a low activity with ATP as substrate and Vmax was increased by anion- 
binding at a regulatory site the most important effect of anions, in- 
creasing Vmax of ATPase, is explained. If this regulatory site also 
bound ATP then cooperativity in kinetics might be an allosteric stimula- 
tion of activity when ATP is bound, with anion binding being more active 
at producing the conformational change involved (giving rise to a higher 
Vmax). If both ATP and anion binding were required for the anion effect 
and the regulatory site was specific for ATP, then the lack of anion 
effects on GTPase activity is explainable. 

All of these hypotheses, however, are too complex to receive any 
direct support from my data, and it is not clear what evidence could 
be obtained that would support or defeat any of them. The kinetic 
approach, used in conjunction with nucleotide analogs by Lardy's group 
(Schuster et al., 1975; Schuster et al., 1976) seems to have only 
confirmed that a final statement of nucleotide and anion-related regula- 
tory properties will be complex. This is also supported by recent studies 


showing multiple nucleotide-binding sites (Penefsky et al., 1976). 
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D. Further Research on Pea F1-ATPase 


In comparison with other F)-ATPases, work on the pea enzyme may 
be hampered by the relatively low amount of the enzyme available from 
a typical purification (1 mg) and also by the relative instability of 
the enzyme toward gel chromatography and electrophoresis. Assuming 
these problems to be perhaps limiting, but not a cause for hopelessness, 
the key question is which properties of the pea enzyme merit continued 
research. There are two ways of looking at this question. One could 
answer that plant mitochondrial ATPase merits study just because it is 
from a plant Eee Thus research could continue to be comparative 
or descriptive. The other approach, however, would be to admit that pea 
F,-ATPase is fairly similar to other F)-ATPases in its essential proper- 
ties and to search for special areas where the pea enzyme offers a chance 
to advance ATPase research. The second approach seems more interesting 
and productive. 

One feature which may be offered by the soluble pea enzyme is that 
of its high relative Ca-ATPase activity. While this is different from 
other F,-ATPases (Pedersen, 1975), the findings that make Ca-ATPase of 
special interest are that it is inhibited by Cl anion and is highest 
when the concentration of Ca*+. is above that of the ATP present. These 
may indicate a role for Ca2t different from that of Met. It is poss- 
ible that free Ca’+ can induce a change in enzyme properties similar to 
that caused by anions. Further work on the kinetics, substrate specifi- 
city and anion sensitivity of Ca-ATPase may provide some valuable inforn- 
ation on anion effects and alternative roles for divalent cations in 


addition to substrate activation. A further point of interest concerning 
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the Ca-ATPase activity of the enzyme is that it was low (relative to 
Mg-ATPase) in submitochondrial particles. This resembles the situation 
with CF)-ATPase, in which the soluble form has high Ca-ATPase in the 
absence of activating anions, while with light-activated plastid frag- 
ments Ca-ATPase is low compared to Mg-ATPase (Nelson et al., 1972). 

The PCMBS inhibition of the soluble pea enzyme may also provide 
an opportunity for further research on the pea enzyme. It has not 
generally been found that compounds which react with sulfhydryl groups 
are inhibitors of F,-ATPases (Pedersen, 1975), although Pullman et al. 
(1960) found that PCMB inhibited the stimulatory effect of 2,4-dinitro- 
phenol on beef heart F,-ATPase. In addition, the soluble ATPase of 
Endomyces yeast den pase was also inhibited by PCMBS. The finding 
that iodoacetamide did not inhibit the pea enzyme may indicate that the 
reactive sulfhydryl groups is not involved in catalysis. The bulky 
PCMBS group may block substrate binding or interfere with a conformational 
change needed in catalysis. It is intriguing that PCMBS was a somewhat 
more effective tahibicos of anion-stimulated activity than basal acti- 
vity. A broad screening of sulfhydryl group reagents might disclose 
what structure is needed for Heeaiea inhibition of ATPase in the pre- 
sence and absence of anions. A kinetic study of enzyme previously 
reacted with an appropriate sulfhydryl reagent to produce a partial 
inhibition might show changes in substrate specificity or Km expected 
by blocking access to the catalytic site, or changes in anion effects 
or cooperativity if a conformational change is blocked. Using submito- 
chondrial particles as a comparison system may provide additional 
information, although the fact that mammalian submitochondrial particles 


are inhibited by mercurials (Pedersen, 1975) may indicate that the 
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membrane portion may contain a catalytically essential sulfhydryl group. 
A final line of research on the pea enzyme and submitochondrial particles 
concerns the role of the Sohatas oF polypeptide. This area has received 
little attention since a few early studies (Pullman and Monroy, 1962; 
Horstman and paces 1970) in spite of some extremely interesting experi- 
ments in the labs of Ernster and Van Dam (Asami et al., 1973; Van de 
Stadt et al. .41973, 1974). The role of the inhibitor in the forward 
reaction of oxidative PieeehGreie ton is extremely interesting. For 
the moment, however, this research is stalled, pending an ability to 
re-inhibit activated ATPase, and thus assay for the inhibitor. 

These lines of research area, of course, only a few of the possible 


directions work on the pea enzyme could take. 
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APPENDIX 


OLIGOMYCIN-SENSITIVE ATPase OF SUBMITOCHONDRIAL 
PARTICLES FROM CORN 


A. Abstract 


To test the hypothesis (Sperk and Tuppy, 1977) that mono-cotyledons 
contain a unique oligomycin-insensitive ATPase, I prepared submito- 
chondrial particles and a soluble fraction from sonicated corn mito- 
chondria (Zea mays L. Supiiterakuc ep Although the ATPase activity 
of the whole sonicate was relatively insensitive to oligomycin, the corn 
submitochondrial particles possessed an ATPase activity that was nearly 
completely inhibited by oligomycin, and was activated by trypsin. This 
ATPase is similar to that from other sources (plants, animals, and 
microorganisms). The soluble fraction also contained an active ATPase, 
which was inhibited by azide and stimulated by sodium chloride and 
trypsin. The soluble fraction differed from other F,—-ATPases in that 


it was cold-stable. 
B. Introduction 


Research into the mechanisms of oxidative and photosynthetic phos- 
phorylation has shown that the energy-transducing ATPases (ATP: phos- 
Pei dra inae EC 3.6.1.3) from a wide variety of organisms are extremely 
similar. Well-studied preparations from chloroplasts, from yeast and 
mammalian mitochondria (Penefsky, 1974), from bacteria (Abrams and Smith, 
1974), and from pea mitochondria (Chapter III-VII) show similarities 
in many catalytic and structural properties. In particular, the mito- 


chondrial ATPases in their membrane-bound state are noted for their 
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sensitivity to the antibiotic oligomycin (Pedersen, 1975; Penefsky, 
1974). This sensitivity, conferred upon the F,-ATPase by integral 
membrane components, is lost when the F,-ATPase is solubilized (Peder- 
sen, 1975). The soluble enzyme is noted for extreme cold lability 
(Penefsky and Warner, 1965) and a high molecular weight (380,000 daltons) 
(Pedersen, 1975). 

Recently, workers from two laboratories have reported that the ATP- 
ase activity of sonicated corm mitochondria is not inhibited by oligo- 
meyin (Jung and Hanson, 1973; Sperk and Tuppy, 1977). In addition, the 
solubilized form of the corn ATPase was shown to be stable in the cold, 
and of low molecular weight (40,000 to 60,000 daltons) as demonstrated 
by gel filtration (Sperk and Tuppy, 1977). The workers suggested that 
mitochondria of corn, and of the other SO akan tested, may possess 
a unique energy-transducing ATPase system (Sperk and Tuppy, 1977). 

In this Appendix I report on the results of experiments designed to 
test this hypothesis. Submit ocheucn tel particles, which are low in con- 
taminating soluble enzymes, were prepared ee sonicated corn mitochon- 
dria and were shown to be inhibited by oligomycin in the normal fashion; 


the remaining soluble fraction contained an ATPase that resembled Fj- 


ATPase. 


C. Results and Discussion 


The whole sonicate from corn mitochondria showed an ATPase activity 
that was only partially inhibited by oligomycin (Table19, expt. 1). How- 
ever, the particulate fraction (submitochondrial particles) prepared from 
the sonicate showed an ATPase activity that was more than 95% inhibited 


by low levels of oligomycin. Since the mitochondrial ATPases are genera- 
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lly associated with a trypsin-sensitive inhibitor polypeptide (Penefsky, 
1974)> Dvteried treating corn submitochondrial particles with trypsin. 
The treatment produced a 3-fold activation of the ATPase, which remained 
sensitive to oligomycin. My experiments with submitochondrial particles 
prepared from peas (Chapter V) showed that they were also very similar 
to typical submitochondrial particles from rat liver and yeast mitochon- 
dria, and to those from corn. They were inhibited by oligomycin when 
fully separated from soluble proteins and whole mitochondria, and they 
were activated by trypsin. 

The soluble fraction remaining as a supernatant layer after the high- 
speed centrifugation was also found to contain an ATPase activity. This 
activity could be a nonspecific phosphatase, an F,-ATPase that was sol- 
ubilized during sonication, or the novel low molecular weight ATPase ob- 
served by Sperk and Tuppy (1977). With a 3 mM g-glycerophosphate as a 
substrate I was unable to detect any hydrolysis activity with the 
soluble fraction. This ruled out a typical nonspecific phosphatase as a 
component of the soluble fraction. I found that the ATPase activity of 
the soluble fraction was stimulated 2-fold by 0.1 M NaCl; this stimulation 
was similar to that for the soluble ATPase of pea mitochondria (Chapter 
III). To further determine whether the fraction was actually solubilized 
F,-ATPase, ft added 0.5 mM NaN3 to the assay medium. Azide, which norma- 
lly inhibits metallo-enzymes (Dixon and Webb, 1962), is also an inhibitor 
of F,-ATPases (Pedersen, 1975) including that from peas (Chapter III). 

The soluble fraction was about 90% inhibited by 0.5 mM NaN3 in the presence 
of 0.1 M NaCl; this inhibition is similar to that of the soluble pea 
enzyme under the same conditions (Chapter VI). 


The soluble fraction was found to be stable to freezing at -40°C, and 
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to prolonged exposure to cold treatments at O°c. This finding is in 
direct contrast to that observed with the purified ATPase from pea 
mitochondria and with other soluble F,-ATPases (Penefsky, 1974), but 
it confirmed the experiments of Sperk and Tuppy (1977) with fhe ics 
jially purified com enzyme. A variety of compounds have been found to 
stabilize the mammalian F,-ATPases to low temperature, including the 
F)-ATPase inhibitor polypeptide, the protein-phospholipid complex Fo? 
and mitochondrial phospholipids (Penefsky and Warner, 1965). The 
partial inhibition by oligomycin of the ATPase activity of the soluble 
fraction suggests that some of the F,—ATPase might have Some vencd with 
an F type protein-phospholipid. 

If inhibitor polypeptide was stabilizing the enzyme, then trypsin 
treatment should result in increased activity and the appearance of 
cold-lability. My results show that trypsin did iereece ATPase acti- 
vity, but did not enhance cold lability (Table19, Expt. 2). In this 
experiment I carried out sonication and centrifugation at) 20° Geto mini= 
mize any loss of F,-ATPase caused by cold. The high activity of the 
whole sonicate and soluble fractions is in agreement with my findings on 
pea submitochondrial particles that ATPase activity of submitochondrial 
particles was stimulated by being kept at temperatures above O0°C (Chapter 
owe | 

The soluble fraction, although it possessed some catalytic proper- 
ties that were similar to F,-ATPases, can not be definitely classified. 
While it may be found to be a completely separate ATPase enzyme, it is 
likely either a complex of F,-ATPase with some cold-protecting agent, 
or a depolymerized form of the enzyme which is either capable of rapid 


reassociation under assay conditions, or which has catalytically active 
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subunits. 

Finally, I would like to comment on the widespread use of whole 
sonicate preparations to investigate plant mitochondrial ATPase (Black- 
mon and Moreland, 1971; Jung and Hanson, 1973; Jung and Laties, 1976; 
Sperk and Tuppy, 1977). These preparations can be misleading since 
they not only contain two distinct forms of the ATPase (soluble and 
membrane-bound), but also contain adenylate and nucleotide kinases, 
which confuse the results of substrate specificity studies. In addition 
they may contain other enzymes that react with nucleotides or assay 
components. Submitochondrial particles, atieh require little gudieipnal 
effort to prepare, are less subject to contamination and provide more 


informative results. 
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